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Message from the Editor 


In the preceding issue Herbert F. Engelmann, past Chairman of the PGMTT, 
expressed indebtedness to and congratulated Theodore S. Saad who for three 
years as editor devoted tireless efforts in building up the IRE TRANSACTIONS 
ON MICROWAVE THEORY AND TECHNIQUES to a highly technical and valuable 
publication. I wish to take this opportunity to endorse heartily this congratula- 
tion and to express hope that the high publication standard can be maintained. 

We are particularly pleased to present and to honor in this issue Dr. Wilmer 
L. Barrow as our distinguished microwave personality. His numerous contribu- 
tions to microwave theory and techniques are well known and his interestin 
editorial speaks for itself. 

During the past few months we have increased the staff of our Editorial 
Board from 12 to 28. With this increase we have been able to decrease the paper 
reviewing load per member and to devote more time to each review. It is in- 
tended that the Board represent a cross section of the PGMTT membership in 
matters of editorial policy. Any comments or criticisms you may have are al- 
ways welcome. On behalf of the PGMTT, I wish to express appreciation to the 
Board members who have generously accepted these responsibilities. 


EpITORIAL BOARD MEMBERS 


Helmut M. Altschuler Harold F. Mathis 

Tore N. Anderson E. W. Matthews, Jr. 
D. J. Angelakos Marshall C. Pease 
Wesley P. Ayres John Reed 

Robert W. Beatty Henry J. Riblet 
Seymour B. Cohn Sloan D. Robertson 
William A. Edson Theodore S. Saad, Ex Officio 
Eugene J. Feldman William Sichak 

Irving Goldstein Donald C. Stinson 
Robert C. Hansen Leonard Swern 
EVEL jones Petry7H-Vartaniana ja 
Donald D. King Ernest Wantuch 
Patricia A. Loth Max T. Weiss 

Roderic V. Lowman Gershon J. Wheeler 


K. Tomiyasu, Editor 
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Wilmer L. Barrow 


Wilmer L. Barrow is Vice-President for Re- 
search and Development of the Sperry Gyroscope 
Company, following previous appointments as 
Sperry’s Chief Engineer in 1947 and as Vice- 
President in 1952. Formerly, he was on the 
faculty of Massachusetts Institute of Technology 
under wartime emergency as Director of Fire 
Control in 1943, and Director of Armament En- 
gineering in 1945. 

Dr. Barrow was born in Baton Rouge, La., on 
October 25, 1903. He received the B.S.E.E. de- 
gree from Louisiana State University and the 
M.S. degree in electrical communications from 
M.I.T. He was a Redfield Proctor Fellow in 
physics at the Technische Hochschule in Munich, 
Germany where he received the Sc.D. degree in 
1931. 

For the next twelve years he was on the staff 
of the Electrical Engineering Department at 
M.1I.T. where he taught courses in electrical com- 
munications and did research principally in 
microwave technology and its applications. He 
was also Director of the M.I.T. Radar School. 

From his research activities at M.I.T. and 
at Sperry have come twenty-four American and 
several foreign patents. He has published a num- 
ber of papers, some jointly with his students. 


Dr. Barrow served in advisory capacities to 
the armed forces and the National Defense Re- 
search Committee during World War II. His 
duties included membership in committees on 
fire control, bombing, and air traffic control un- 
der the Secretary of War. He was also Chairman 
of the Radar Panel, Research and Development 
Board, and a member and later Chairman of the 
Technical Consulting Group Committee on 
Guided Missiles. He was awarded the Certificate 
for Merit by the President for wartime contribu- 
tions to radar. 

Dr. Barrow has been active in the IRE since 
1928. He has held membership in many com- 
mittees, has served on the Board of Directors, 
and was Chairman of the IRE Convention in 
Boston in 1940. He was awarded the Morris 
Liebmann Memorial Prize in 1943, for his con- 
tributions to the waveguide and microwave art. 

He is a Fellow of the American Academy of 
Arts and Sciences, and Sigma Xi, and an active 
member of the American Management Associa- 
tion, American Ordnance Association, American 
Rocket Society, Armed Forces Communications 
and Electronics Association, Association of Re- 
search Directors, Industrial Research Institute, 
and Institute of Aeronautical Sciences. 
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Yesteryear— Tomorrow 
WILMER L. BARROW 


T IS an exciting experience for an individual to par- 
ticipate in the birth of a new technological discovery 
and then to live to see it develop from infancy into 

a mature and important factor in the world. Such an 
experience comes unexpectedly to only a few lucky indi- 
viduals and then usually once in a lifetime. I have al- 
ways considered myself fortunate to have shared this 
kind of experience with a few other fortunate persons in 
the opening up and growth of the modern microwave 
industry. 

Classical electromagnetic theory was established by 
Maxwell and transmission and reception at microwave 
frequencies had been demonstrated by Hertz prior to 
the year 1900. Nonetheless, the practical possibilities of 
this region of the spectrum were not appreciated during 
the early part of the twentieth century. Interest, de- 
velopment, and commercialization were then completely 
in the lower frequency region. Those of us who directed 
our scientific careers at that time toward the vacant 
land of microwaves had to go it pretty much alone. 

There was, of course, good reason for the lack of 
interest and activity in the applications of microwaves. 
Although there were a few ideas that certain applica- 
tions would be worthwhile, such as point-to-point com- 
munication and aids to air navigation, certain others 
could not be fully visualized, or if foreseen, could not be 
properly evaluated. But a really practical solution 
seemed far away indeed. 

There were no satisfactory generators of microwave 
power. The receiver art was no further advanced than 
that of the simple detector. Means of conducting energy 
about, or of radiating it into space, or receiving it, were 
in a preprimitive state. And the equivalents of circuit 
elements, bridges, filters, and so on, that make sophisti- 
cated communications systems possible, were totally 
missing. Thus, a complete new technology had to emerge 
in order for the many applications to change from the 
dream stage to one of practical and economic reality. 

The decade from 1930 to 1940 might well be termed 
the Period of Discovery of the modern microwave tech- 
nology. It is largely in this period that the basic con- 
tributions were made on which later progress was built. 

How did one get started in this Period of Discovery 
of microwaves? I had best give you some personal ex- 
periences here, but I suspect that the situation was 
more or less the same for Southworth, Schelkunoff, 
Hansen, the Varians, Hahn, Metcalf, Wolf, Chu, and 
the others. 

Firstly, there was the scientific urge. For me, this was 
a burning desire to understand thoroughly and basically 
the theory of radio wave propagation. I am sure that 


such a personal urge must be present in anyone who 
undertakes Columbus-like voyages into uncharted and 
unpopulated technological areas. 

Secondly, there was the preparation. More than the 
teachings of undergraduate courses was necessary. It 
did not appear, when my education was under way, that 
the teaching of electromagnetic theory was done nearly 
as well in the United States as it was in Germany. Thus, 
it was that I went to the latter country to study under 
Zenneck and Sommerfeld. Today, or at any time, a 
sound and careful preparation is a necessary task for 
anyone who sets his sails on a voyage of discovery. It 
may be carried out in any of several ways, but certainly 
today more than ever before, a sound theoretical back- 
ground is necessary for advanced work in micro- 
waves. 

Finally, there was discovery productivity. Back at 
M.I.T. in 1931, the problem of why electromagnetic 
waves could not be sent from a horn of metal—the cor- 
responding device to an acoustical horn—appeared to 
me to be an important unanswered scientific question. 
The first attack on this problem was theoretical and be- 
cause of the complexities, no solution was obtained im- 
mediately. However, these efforts suggested the query 
as to why could not electromagnetic waves that might 
radiate from the large end of the horn be led into its 
small end through a conducting hollow metal pipe— 
corresponding to an acoustical speaking tube. The 
mathematics here were easier and in 1932, the answer 
was found to be yes, they could be transmitted through 
a pipe with finite losses, provided a certain critical fre- 
quency was exceeded. Shortly, thereafter, the horn 
problem also gave a favorable answer. 

Today, it is hard to realize that at that time only a 
few individuals were prepared to accept the reality of 
waveguide transmission and horn radiation, largely be- 
cause of the absence of a second conductor, theretofore 
considered essential in any electrical circuit or trans- 
mission line. It was clear that a demonstration would be 
necessary before much attention could be attracted to 
this new transmission technique. 

It proved to be harder to demonstrate than it had 
been to solve the mathematics. There followed a waiting 
period during which the development of suitable power 
sources took place. W. W. Hansen and his colleagues at 
Stanford University were then laying the groundwork 
for successful microwave amplifiers and_ oscillators. 
Finally, in March, 1936, the first experiments were per- 
formed at M.I.T. in a cast-off galvanized-iron air duct 
18 inches in diameter. By this demonstration the earlier 
theoretical conclusions were confirmed and a new tech- 
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nology for handling microwaves was opened up. The 
period of discovery was now well under way. 

During this same time, Southworth and his associates 
at the Bell Telephone Laboratories had been striving 
for the same ends industriously, effectively, and quietly. 
With the greater manpower and facilities available to 
them they made an even greater contribution than we 
did at M.I.T. to pioneering this new technique, and 
were often ahead. I feel sure, however, that dismay was 
equally shared when each first learned that the other 
was scheduled to present his first paper on the subject 
at the Spring Meeting of the IRE and the American 
Physical Society in Washington, D. C. on May 1, 1936. 
This emotion was promptly dissipated by a cordial pre- 
meeting interchange of papers that was but the begin- 
ning of continued close and friendly relations. 

The early days at M.I.T. were characterized by sim- 
ple equipment and modest effort. For example, the first 
several years of work were done with about $100 a year 
and to a great extent on “extra-curricular” time. Think 
what a small effort that would be today! It was im- 
portant for its future growth that this infant technology 
get into the hands of many others and that real “push” 
be put behind it. 

This push was supplied by wartime necessity. The 
need for microwave airborne and gun-laying radars 
supplied almost unlimited manpower and funds. The 
M.I.T. Radiation Laboratory was organized as a gov- 
ernmental activity and several commercial organiza- 
tions such as Sperry Gyroscope, General Electric, RCA, 
Raytheon, and many others, either expanded their ef- 
forts greatly or joined the parade. The results were 
astounding, and every branch of microwave technology 
advanced rapidly beyond the fondest dreams of the 
Period of Discovery. 

Thus, starting with the World War II effort we might 
designate a Period of Development of microwaves. 
Mathematicians, physicists, and engineers in consider- 
able numbers and with great talents have developed this 
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field into a highly sophisticated science supported by a 
vast amount of engineering know-how. Applications 
now encompass line-of-sight and scatter communica- 
tion links, marine and air transport navigation and 
weather radars, particle accelerators for research, med- 
ical, and industrial uses, equipment for measuring the 
properties of materials and controling industrial proc- 
esses, and many others besides. The modern micro- 
wave specialist has available an extensive array of 
power sources, test equipment, resonators, fixtures, and 
plumbing components. He employs elaborate and ad- 
vanced procedures and methods of construction that 
make him among the most competent of contemporary 
engineers. He may even consider that his is a separate 
profession. 

The frontier that was invaded in the early 1930’s has 
only been pushed back, not vanquished. There is still 
virgin ground to be explored by the daring and signifi- 
cant contributions to be made by the industrious. 
Preceding editorials by G. C. Southworth and Ernst 
Weber have illuminated very well the future technical 
challenge that lies ahead. 

Within the industrial complex surrounding contempo- 
rary microwave specialists are other rewarding oppor- 
tunities for personal growth. I refer to the opportunities 
for men with technical backgrounds in executive and 
managerial positions. The need for individuals possess- 
ing both technical and administrative abilities is now 
great and it will become even more so in the expanding 
future of our profession. Although it is easiest to move 
into technical administration, there are other attractive 
avenues. Manufacturing, sales, and management in 
many of our companies, both small and large, also offer 
exciting and rewarding challenges to the exceptional 
individual ready to risk another kind of exploratory 
voyage on the industrial sea. 

The horizon of the microwave professional of today is 
indeed wide and enticing. It would be wonderful to start 
all over again. 
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Microwave Prize 


The Professional Group on Microwave Theory and Techniques has established the Microwave 
Prize to recognize annually a significant paper which appeared in the [RE TRANSACTIONS ON 
MICROWAVE THEORY AND TECHNIQUES. In selecting the paper, consideration 1s given primarily 
to the subject of the contribution and secondarily to its presentation. The award consists of a certifi- 
cate, a monetary sum of $100, and a feature publication in these TRANSACTIONS. If the paper 


has more than one author, the monetary sum is to be divided equally among the authors. 
—The Editor 


RoBIN I. PRIMICH 

Radio Physics Laboratory 
Defence Research Board 
Ottawa, Canada 


“A Semi-Infinite Array of Parallel Metallic Plates 
of Finite Thickness for Microwave Systems” 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 
Vol. MTT-4, pp. 156-166; July, 1956 


We are pleased to announce that the Microwave Prize for 1956 has been awarded to Dr. 
Robin I. Primich for the subject paper. The paper deals with the reflection at the flat face of a 
“metal lens” of the phase-advancing type. The treatment is a skillful application of the varia- 
tional method of approximation. The theory predicts an unobvious advantage in using plate 
thicknesses of up to about two-thirds as great as the intervening air thickness to minimize 
the reflection, and this is verified by experiment. This paper is one of a series of contributions 
by Dr. Primich relating to this subject. 

We commend Dr. Primich on this fine contribution and hope that subsequent recipients 
of the prize will continue this high standard. 

W. L. PRITCHARD, Chairman 
PGMTT Administrative Committee 
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A Variable-Ratio Microwave Power Divider and 
Multiplexer* 


W. L. TEETERf anp K. R. BUSHORET 


Summary—A microwave circuit is presented which provides 
continuous variation of microwave power between two outputs in any 
desired ratio. A typical device utilizing the circuit is described, and 
other uses of the circuit are discussed. An X-band power divider was 
constructed which had a vswr of less than 1.2 at all times over the 
frequency range of 8.6 to 9.6 kmc, divided the total input energy be- 
tween the outputs in any ratio from 1/10,000 to 1, and had less than 
0.4-db total insertion loss. No other losses were present. Adjustment 
could be made under maximum power levels of the waveguide. An- 
other use of the circuit is to couple two high-power transmitters into 
one output, thus providing a dual frequency antenna coupler or di- 
plexer. By cascading diplexers, multiplexing can be accomplished. 


INTRODUCTION 
al HIS PAPER primarily describes theory and oper- 


ation of a microwave power divider which can be 

adjusted so that microwave power is divided be- 
tween two outputs in any desired ratio. Used conversely, 
the device has other applications, such as coupling two 
frequencies into one output. 

During the past decade many power dividers have 
been developed by various organizations. Usually, each 
device was designed for a specific application and was 
not adaptable as a general laboratory tool because of 
such characteristics as limited bandwidth, high vswr, 
limited power handling capacity, high insertion losses, 
critical adjustment, or complicated construction.! 

The device described herein obtains variable power 
division by controling the phase of one half of the in- 
coming rf energy relative to the other half. Few, if any, 
of the limitations found in using other power dividers 
have been encountered in this device. 


OPERATION 


The basic power divider circuitry uses two broad- 
band short-slot waveguide hybrids,? a convenient 
method of phase control such as a line stretcher or ferrite 
phase controller and connecting waveguides. A typical 
installation is shown in Figs. 1 and 2. The input micro- 
wave power is divided equally by hybrid A-B and es- 
tablishes a 90° phase relationship between A» and Bo. 
Waveguide no. 1 is of constant electrical length, while 
the length of waveguide no. 2 can be varied with a line 
stretcher. Varying the line stretcher varies the phase 


* Manuscript received by the PGMTT, September 17, 1956; re- 
vised manuscript received, June 27, 1957. 

+ Lockheed Missile Systems Div., Palo Alto, Calif.; formerly with 
U.S. Navy Electronics Lab., San Diego, Calif. 

t U. S. Navy Electronics Lab., San Diego, Calif. 

1 No specific devices will be mentioned here, since numerous texts 
and technical series carry descriptions of the various existing methods 
of power division. 

2H. J. Riblet, “The short-slot hybrid junction,” Proc. IRE, vol. 
40, pp. 180-184; February, 1952. 
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Fig. 1—Power divider circuitry. 


OUTPUT NOx 
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None STRETCHER 
ADIUSTRENT 


Fig. 2—Complete power divider (test model). 


relationships of the power arriving at C; and D; of hy- 
brid C-D. The relative phase of the power arriving at C; 
and D; determines the ratio of power coupling to output 
no. 1 and to output no. 2. Power at output no. 3 of Fig. 
1 is 30 to 40 db below the input level regardless of the 
line stretcher adjustment, therefore a low-power match- 
ing load is placed at output no. 3 merely to terminate 
that particular arm of the hybrid properly. 

When waveguides no. 1 and no. 2 are the same elec- 
trical length (d=0) or if the difference length d is an 
exact multiple of the guide wavelength, the power from 
A, adds to the power from Bo and proceeds to output 
no. 1. 

As d is changed to one-fourth guide wavelength, the 
phase relationships at C and D are such as to cause an 
equal amount of power to appear at each output, no. 1 
and no. 2. 

When d is made equal to one-half guide wavelength, 
all power will proceed to output no. 2. 

As d is increased further, the changing relative phases 
of the signals in hybrid C-D cause the power at output 
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RELATIVE POWER AT OUTPUTS IN db 


TPUTS 


POWER AT OU 


t ——, ape t T 
45 30 35 180 225 270 315 360 
LENGTH OF "d" IN DEGREES OF GUIDE WAVELENGTH 


Fig. 3—Power out vs d in degrees of 
guide wavelength (theoretical). 


Fig. 4—Line stretcher. 


no. 2 to decrease and the power at output no. 1 to in- 
crease, until at three-quarters guide wavelength the 
power is again equal at the two outputs. When d is in- 
creased to one wavelength, all the power appears at 
output no. 1, as is the case when both waveguides are 
the same length. The power variation while varying d 
from 0 to one guide wavelength is shown in Fig. 3. 


CHARACTERISTICS AND TEST RESULTS 


Fig. 2 shows the complete power divider system as 
used in obtaining test results reported here. It is com- 
posed of X-band (1 by 3-inch od) waveguide compo- 
nents. Fig. 4 shows the waveguide line stretcher in detail. 
Many other configurations, or a ferrite device, could 
have been used to obtain the phase variation. 


Power Variation 


Fig. 5 shows the variation of power at outputs no. 1, 
and no. 2, and no. 3 vs movement of the line stretcher. 
Zero db in Fig. 5 represents the input power minus the 
(.4-db copper losses in the waveguide circuitry. 

The circuit shown in Fig. 2 performed satisfactorily 
with power in excess of 275-kw peak total without break- 
down. Thus the power handling capability is essentially 
that of the waveguide and hybrids. 
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Fig. 5—Power out vs d in inches, 
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Fig. 6—Frequency-shift bandwidth. 


VSWR and Bandwidth 


With the line stretcher locked at the position for 9300 
me which provides maximum power at output no. 1 
and minimum at output no. 2, the frequency was varied 
and Fig. 6 was obtained. Thus, Fig. 6 is the effective 
bandwidth of the system for a particular adjustment of 
the phase control. Note that for the 30-db levels be- 
tween outputs no. 1 and no. 2 a frequency range of 22 
mc, or 0.24 per cent can be obtained. For the 3-db 
levels, the frequency range is 112 mc, or 1.2 per cent. 
Input vswr under these conditions is shown at the bot- 
tom of Fig. 6. 


Other Uses 


The power divider circuit may be used in many other 
applications. The circuit may be used, for example, for 
diplexing to couple two high-power transmitters into 
one output? and to provide a dual frequency antenna 
coupler. Cascading the diplexers results in multiplexing 
of any number of frequencies. The transmitter with the 


3 Although the dual frequency development discussed herein was 
accomplished before 1953 at the U. S. Navy Electronics Lab., the au- 
thor has recently been notified of a basic circuit patent #2,702,371 is- 
sued in February, 1955 (filed February, 1949) to D. E. Sunstein, 
“Hybrid network for continuing and separating electromagnetic wave 
signals.” This patent uses magic tees and covers the combining of 
signals of two differing frequencies into a common transmission line. 
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frequency (fi) would be placed at the input of Fig. 1, 
and the transmitter with the other frequency (f:) would 
be placed where the matching load is shown. When the 
line stretcher is properly set, the total power from both 
transmitters would be coupled into output no. 1. To 
provide maximum coupling of both frequencies into 
output no. 1, the line stretcher must be set so that for 
frequency f; the difference length d is an integral number 
of wavelengths, and for frequency fo the difference 
length d is an odd multiple of a half guide wavelength. 
By using the following equation the distance d can be 
calculated which must be used to provide the proper 
phasing for both frequencies :*%* 


4W. L. Teeter and K. R. Bushore, “A Dual-Frequency Micro 
bese RF Head,” U.S. Navy Electronics Lab., Rep. 556; January 12, 
1955. 

5 Eq. (1) of Teeter and Bushore, zbid., is derived by stating the 
conditions described in the foregoing text. The distance d may also be 
expressed in more general terms from the following: 

Let Xg be the guide wavelength for the mean frequency f between 
fiand fz and X, the air wavelength; dc is the cutoff wavelength. 


V = velocity of light. 
Then let 


substitute for dg, 
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For the condition A@=a and where Af is small; that is, both f; and fe 
are within the frequency of the hybrid slots and the waveguide, 
(Al =fi— fz). 2 

Substitute for A@ in (3) 
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d=loop distance (see Fig. 1). 
\gi = guide wavelength of fi, and 
Ago = guide wavelength of fo. 


where 


An example of the use of (1) follows: where 
f; = 9385 mc (Agi = 4.467 cm) 
and 


fo = 9273 mc (Age = 4.574 cm) 


(4.574) (4.467) 1 
semen) OOD 2.54 


= 37.478 inches. 


Thus, by using d= 37.478 inches in the line stretcher, 
maximum coupling of inputs with frequencies of 9385 
and 9273 mc would be obtained. When using a ferrite 
line stretcher, d could be measured in electrical phase or 
current. 

Any number of frequencies may be combined and 
hence filtered by cascading couplers. The power capac- 
ity would be essentially the full power of the waveguide 
as it would be largely determined by the hybrid couplers 
and phase shifter. 

Other possible uses might be a broad frequency se- 
lective device for use in a receiver input, a variable ratio 
waveguide switch, etc. 

The authors are indebted to K. Tomiyasu who made 
many helpful suggestions in the preparation of this 
paper. 


Since fA= V=3X10" cm/sec, substitute for f, to get 
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Eq. (5) is plotted by Teeter and Bushore, ibid. 
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High-Power Ferrite Circulators* 
PETER A. RIZZI+ 


Summary—The Faraday rotation and insertion loss of various 
ferrite-loaded waveguide structures have been studied in order to 
determine their power-handling capacities. A method of measuring 
insertion loss to within +0.05 db is described. Two figures of merit 
containing this information are defined for the various configurations. 
The first, defined as the rotation per attenuation, indicates for a 
given value of rotation the efficiency of power transmission through 
the device, while the second, defined as the dissipative area per 
power loss, indicates the power handling capacity of the structure. 
By utilizing this information, the author has described an X-band 
ferrite circulator which is capable of handling an average power of 
1000 watts. In addition, the design of a 2000-watt gyrator type cir- 
culator is indicated. 


INTRODUCTION 


HEN a dc magnetic field is applied to a wave- 
W guide containing a ferrite material, the ferrite 
responds anisotropically to the rf field. Because 
of the gyroscopic nature of the electrons which deter- 
mine the magnetization of the ferrite, a nonsymmetrical 
tensor is required to describe its rf permeability. This 
lack of symmetry coupled with the high resistivity of 
the ferrite implies the possibility of realizing microwave 
circuit elements which do not obey the law of reciprocity. 
In recent years, many useful devices have been devel- 
oped which employ this property. Some of these use the 
Faraday rotation of an electromagnetic wave in a cy- 
lindrical waveguide to obtain their nonreciprocal be- 
havior. For example, Hogan! described two types of cir- 
culators which employ the ferrite’s nonreciprocal prop- 
erty. In many applications, however, the losses in these 
devices are prohibitively large. Consequently, the asso- 
ciated temperature rise adversely affects the power 
handling capacity of the device. 

Kales? has investigated the case of solid ferrite rods 
in a cylindrical waveguide and obtained characteristic 
equations which, when solved, determine the propaga- 
tion constants for the various modes. More recently, 
Suhl and Walker? have studied the propagating modes 
in a cylindrical ferrite waveguide structure and have 
also employed perturbation techniques to obtain the 
propagation constants for a waveguide containing either 
a very thin pencil of ferrite or a ferrite which was only 
weakly magnetized. In addition to the above investiga- 


* Manuscript received by the PGMTT, November 19, 1956; re- 
vised manuscript received, June 28, 1957. This paper is based in part 
on a dissertation submitted in partial fulfillment of the requirements 
for the Doctor of Eng. degree, Yale University, New Haven, Conn. 

+ Raytheon Manufacturing Co., Missile Systems Div., Bedford, 
Mass. 

1C. L. Hogan, “The microwave gyrator,” Bell Sys. Tech. J., vol. 
31, pp. 1-31; January, 1952. 

2M. L. Kales, “Modes in waveguides that contain ferrites,” J. 
Appl. Phys., vol. 24, pp. 604-608; May, 1953. 

3 ff. Suhl and L. R. Walker, “Topics in guided wave propagation 
through gyromagnetic media,” Bell Sys. Tech. J., vol. 33, pp. 579- 
659, and 1133-1194; May and September, 1954. 


tions, Sakiotis and Chait*® and Fox, Miller, and Weiss® 
have made an extensive study of the properties of fer- 
rites in waveguides. 

The present work considers the case of a cylindrical 
rod magnetized in the direction of propagation for which 
curves of rotation and insertion loss have been obtained 
for various diameters and lengths of ferrite. From this 
information a figure of merit, defined as the rotation 
per attenuation, was calculated for the various ferrite 
diameters. This revealed the ferrite diameter which gave 
the greatest efficiency of power transmission through 
the ferrite-loaded guide. 

An analysis of a hollow ferrite cylinder in a cylindrical 
waveguide has been made. Theoretical values of rota- 
tion for both the solid and hollow rod case have been 
calculated. Experimental values of rotation and attenu- 
ation have also been obtained. From this data a figure of 
merit, defined as the dissipative or surface area of the 
ferrite rod per attenuation, has been determined. This 
enables one to determine the ferrite geometry for maxi- 
mum power handling capacity. 


THEORETICAL RESULTS 


Polder? and Hogan! have demonstrated that when an 
electromagnetic wave is propagated in a ferrite medium 
which has been magnetized to saturation in the zg di- 
rection, the rf components of B and #/ are related by a 
tensor permeability. By considering the case of uniform 
plane wave propagating through a ferrite medium mag- 
netized in the direction of propagation, the above in- 
vestigators showed that the plane of polarization of the 
wave was rotated as it propagated through the ferrite. 
The rotation per unit length is related to the propaga- 
tion constants in the following manner: 

Bae ioe 
Y (1) 
where 6, and B_ are the propagation constants for the 
right, and left-hand circularly-polarized waves, respec- 
tively. 

Using the waveguide analysis described by Kales,? 

the author® has derived characteristic equations for the 


*H.N. Chait and N. G. Sakiotis, “Ferrites at microwaves,” PRoc. 
IRE, vol. 41, pp. 87-93; January, 1953. 

5 N. G, Sakiotis and H. N. Chait, “Properties of ferrites in wave- 
guides,” IRE TRANs., vol. MTT-1, pp. 11-16; November, 1953. 

° A. G. Fox, S. E. Miller, and M. T. Weiss, “Behavior and appli- 
cations of ferrites in the microwave region,” Bell Sys. Tech. J., vol. 
34, pp. 5-103; January, 1955. 

7D. Polder, “On the theory of ferromagnetic resonance,” Phil. 
Mag., vol. 40, pp. 99-115; January, 1949. 

® P. Rizzi, “The electromagnetic field in composite dielectric and 
ferrite waveguide structures,” D.Eng. dissertation submitted to Yale 
School of Eng., pp. 36, 43; 1955. 
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Fig. 1—Composite ferrite and dielectric 
waveguide structures. 
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Fig. 2—Saturation rotation and loss for the teflon and 
ferrite structure shown in Fig. 1(a). 


two waveguide configurations shown in Fig. 1. A brief 
outline of the analysis is given in the Appendix. 

Because of the complexity of the characteristic equa- 
tions, graphical methods were used to solve for the prop- 
agation constants of the circularly-polarized waves. 
Then by use of (1), the rotation per unit length for vari- 
ous ferrite diameters was determined. For the structure 
shown in Fig. 1(a), the following materials were used: 


Ferrite MF-13319 


Relative dielectric constant =e=13. 
Saturation magnetization = M,= 2200 Gauss. 
(The de magnetic field was set at 300 oersteds.) 


Teflon 


Relative dielectric constant = €; = 2.08. 


Fig. 2 shows the theoretical values of saturation rota- 
tion at X band for various ferrite diameters. 

For the structure shown in Fig. 1(b), a hollow MF- 
1331 ferrite cylinder was assumed in the calculations. 


9 Ferrite MF-1331, now designated as R-1, is produced by the 
General Ceramics Corp., Keasbey, N. J. The above values of die- 
lectric constant and saturation magnetization are typical for MF- 
1331. 
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Fig. 3—Saturation rotation and loss for the hollow ferrite 
structure shown in Fig. 1(b). 


The center section contained air so that the relative di- 
electric constant in this region was unity. Fig. 3 shows 
the theoretical values of saturation rotation at X band 
for various inside ferrite diameters. It is interesting to 
note that with a hole in the center of the ferrite equal to 
approximately half the waveguide diameter (Fig. 3), 
one obtains the same amount of rotation as from a solid 
rod 0.20 inch in diameter placed at the center of the 
teflon-loaded guide (Fig. 2). This implies that if the 
losses are of the same order of magnitude in the two 
structures, the hollow cylinder with its larger dissipative 
area should be capable of handling much higher amounts 
of microwave power without having to increase the 
length of the Faraday rotator. The hollow cylinder has 
an additional advantage in that the ferrite touches the 
metallic waveguide wall and consequently can conduct 
the generated heat away more readily than the solid fer- 
rite rod which is imbedded in teflon. 

In order to determine theoretically the attenuation 
in the ferrite structures, tables of the various type Bessel 
functions for complex arguments are required. How- 
ever, since the available tables are not complete enough 
for our purpose, we must turn to an experimental study 
of the loss characteristics for the various ferrite config- 
urations. 


EXPERIMENTAL TECHNIQUES AND RESULTS 


For the purpose of studying the rotation and loss 
characteristics in composite ferrite and dielectric wave- 
guide structures, the measuring apparatus shown in 
Fig. 4 was assembled. 

In order to measure the Faraday rotation in the cir- 
cularly symmetric ferrite structures, a rotary joint and 
protractor combination was employed. By gradually 
increasing the magnetic field, the rotation, due to the 
ferrite, also increased. Thus, by turning the circular-to- 
rectangular transition at the output of the ferrite sec- 
tion so that the rotation meter always reads a maximum, 
the rotation can be “followed” as it increases due to the 
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Fig. 4—Apparatus for measuring rotation and loss in 
ferrites at X band. 


increasing magnetic field. By continuing this process 
until the ferrite is saturated, the saturation rotation of 
the sample can be determined. With the circular-to- 
rectangular transition set for a maximum reading on the 
rotation meter, the insertion loss due to the ferrite- 
loaded waveguide structure can be measured. This is ac- 
complished by sampling the input and output energy 
from directional couplers D; and Dz, respectively. The 
difference between the crystal outputs is fed to a trans- 
former and amplified. The output signal thus indicates 
the amount of attenuation in the structure between D, 
and D,. To calibrate the output or loss meter, a cali- 
brated attenuator was inserted in the second or output 
branch of the circuit as shown in Fig. 4. By placing an 
air-filled waveguide section between the two directional 
couplers, the calibrated attenuator was varied until a 
null was obtained on the loss meter. Thus, with this at- 
tenuator setting, the circuit was balanced for zero loss. 
The loss meter was then calibrated by introducing 
known amounts of loss with a standard attenuator. 
With the calibrated attenuator returned to its setting 
for zero loss and the air-filled waveguide section replaced 
by the ferrite-loaded guide, the insertion loss for both 
solid and hollow rod ferrite structures was obtained. 
Since the ferrite structures were cylindrical in cross 
section, a mode transducer was employed to change the 
dominant TE; mode in rectangular guide to TEx, mode 
in circular guide. In addition to its transducing proper- 
ties, this device also contains an output terminal which 
accepts any horizontally-polarized reflections!® from the 
ferrite structure. Because of the horizontally-polarized 
detector’s position in the measurement setup, the loss 
meter actually measures the power absorbed by the fer- 
rite structure plus that absorbed by the horizontally- 
polarized detector. In order to obtain the actual power 
loss in the ferrite structure, the apparent power loss due 
to horizontally-polarized reflections was subtracted from 
the loss meter reading. Fig. 2 and Fig. 3 show the inser- 
tion loss and the measured saturation rotation at X 
Band for various diameters of solid and holly cylinders 
of ferrite No. 1331. Comparison with the theoretical 
curves shows that the measured and computed values of 


10 All reflections were reduced, in part, by use of quarter-wave 
dielectric transformers on each end of the ferrite cylinders. 
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Fig. 5—Improved loss measurement apparatus. 


rotation are in agreement to within 10 per cent. The 
variation in saturation magnetization from the value of 
2200 Gauss assumed in the calculations accounts for 
most of this discrepancy. 

By using the improved measurement technique de- 
scribed below, some of the above data were checked. 
In addition, measurements were made on hollow rod 
samples with larger inside and outside diameters. The 
improved loss measurement system is shown in Fig. 5. 
With a section of essentially lossless waveguide between 
the directional couplers D; and D, and the calibrated 
attenuator set at zero attenuation, the uncalibrated at- 
tenuator is adjusted so that the loss meter reads zero. 
Next, the ferrite section and mode transducers are 
placed between the directional couplers. By increasing 
the magnetic field, the rotation is increased to the value 
of (Nr+7/4) nearest the saturation rotation. A slight 
adjustment of magnetie field and tuner TJ» will yield 
nulls in the cross-polarized and _ horizontally-polarized 
detectors, respectively. The tuner 7, is then used to 
minimize the input vswr. Since the system has been 
tuned for maximum transmission, the only significant 
loss is that due to the ferrite section. The final step of the 
procedure is to adjust the calibrated attenuator so as to 
renull the loss meter. The amount of loss required to re- 
null is equal to the loss through the ferrite-loaded wave- 
guide section. In all the ferrite structures which were in- 
vestigated, the cross-polarized detector null was at least 
40 db down from the input power level. Thus, the ellip- 
ticity introduced by the ferrite section was negligible. 
The horizontally-polarized detector null was at least 
50 db down from the input so that its effect on the loss 
measurements was also negligible. An analysis of this 
system and the data obtained from it indicated that the 
measurement errors were less than +0.05 db. Fig. 6 
shows some of the loss data obtained on large diameter 
hollow ferrite rods using the above technique. 

From the data in Figs. 2, 3, and 6 curves of Q7, de- 
fined as the rotation per attenuation, and Qp, defined 
as the dissipative area per power loss, can be plotted for 
the various configurations.!! These are given in Fig. 7- 


_ 1 The total cylindrical surface of the ferrite is considered as the 
dissipative area. That is, the dissipative area per unit length is equal 
to wd for solid cylinder and r(dinside-+doutsiae) for hollow cylinder. 
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Fig. 7—Figures of merit for teflon and 
ferrite structures. 


Fig. 9. Inspection of the Qr curves for the various con- 
figurations indicate that if one is concerned with effi- 
ciency of power transfer, the solid rod structures are ob- 
viously better. However, more often the problem is one 
of obtaining a structure with a very large power han- 
dling capacity while maintaining the insertion loss reason- 
ably low, but not necessarily at a minimum. For exam- 
ple, if 0.5 db were set as the maximum allowable loss 
for a ferrite structure with a saturation rotation of 45°, 
one would be free to choose any structure with a Qpr 
greater than 90°/db. Since large power handling capac- 
ity is desired, one would consequently choose the struc- 
ture with the highest Qp. At this point it should be men- 
tioned that the values of Qp for teflon and ferrite cannot 
be compared directly with Qp for the hollow rod case. 
First of all, the loss curve in Fig. 2, and consequently 
Qp in Fig. 7, contains the losses due to the teflon. Sec- 
ondly, the efficiency of heat transfer from the ferrite to 
the waveguide wall is different for the two geometries. 
Therefore, strictly speaking, the Qp curves are only 


Rizzi: High-Power Ferrite 


Circulators 233 
CIRCULAR GUIDE 
FERRITE #133) 
AIR 
800 e 
= no] 
ao 
3 ind 
Ww 
a 600 a 
wi 
oO. o 
Ww 
= 
vd z 
va ms 
So 
Sei 200 a 
[2) 
o e) 
0 .05 10 15 .20 2s 
INSIDE FERRITE DIAMETER (INCHES) 
Fig. 8—Figures of merit for small 
hollow ferrite cylinders. 
CIRCULAR GUIDE 
FERRITE #1331 
AIR 
2004 GUIDE DIAMETER = .800" 
is “o 
s ial is 
bd [ad 
Ww 
wi REGION a 
a 120+ OF n 
wo Ww 
w TM,, MODE = 
& yal! INTERFERENCE z 
8 8 
o 40 o 
° 1 2 ue) 4 5 


INSIDE FERRITE DIAMETER (INCHES) 


Fig. 9—Figures of merit for large hollow 
ferrite cylinders. 


valuable in determining what dimensions of a given fer- 
rite geometry yield greatest power handling capacity. 


DESCRIPTION OF HIGH-POWER CIRCULATORS 


A study of the data in the previous section resulted in 
the choice of the structure in Fig. 10 for use in high- 
power ferrite circulators. This choice, as previously 
discussed, amounted to a compromise between high- 
power handling capacity (Qp) and low insertion loss(Q7r). 

One type of circulator described in the literature! em- 
ploys a pair of two-mode transducers and a ferrite sec- 
tion which gives 45° of Faraday rotation. This type is 
shown in Fig. 11. Due to the ferrite’s rotation, energy 
entering port 1 travels to port 2 practically unattenu- 
ated. Similarly, energy entering port 2 travels to port 3 
while energy entering port 3 travels to port 4. This type 
of circulator has been built at X band with an insertion 
loss of less than 0.4 db between successive ports and a 
reverse loss of greater than 20 db over a 5 per cent fre- 
quency band. The reverse loss is limited by the frequency 
sensitivity of the saturation rotation which varies from 
40° to 50° over the 5 per cent frequency band. High- 
power tests have shown this circulator capable of han- 
dling at least an average power of 1000 watts with no 
forced cooling of the ferrite section. Since a higher power 
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Fig. 11—Polarization-type circulator. 


source was not available, the actual power required to 
cause the ferrite to lose its magnetic properties could 
not be determined. For 1000 watts input, the tempera- 
ture of the ferrite was only 100°C as compared to its 
Curie temperature of 215°C. The insertion loss at this 
power level was approximately 0.7 db. Since it was 
found that the change in loss due to the increased tem- 
perature was less than 0.1 db, the 0.3 db increase in loss 
was attributed to the nonlinear attenuation character- 
istic of the ferrite. Sakiotis, Chait, and Kales!® have 
shown that for power levels greater than about 1000 
watts this characteristic becomes important. Under 
these conditions, the power handling capacity of the 
ferrite structure is limited not only by the heat dissipa- 
tion but also by the power level at which the nonlinear 
effects become appreciable. Thus, from the above tem- 
perature data, it is doubtful if the circulator shown in 
Fig. 11 can retain its properties at cw powers of greater 
than 2000 watts. 

A second type of ferrite circulator has been described 
by Hogan! which employs two magic-tees and a gyrator. 
This type is shown in Fig. 12. By using a hollow ferrite 
rod which has 90° rotation and a 90° twist section, a dif- 
ference in phase shift of 180° for the two directions of 
propagation through the ferrite-twist combination can 
be obtained. Since any energy which enters port 1 splits 
between the two branches of the circulator, only half of 
the input power passes through the ferrite. Therefore, 
by using a 90° hollow rod section with the same inside 
and outside diameters as the one used in the 45° circu- 
lator, the high-power insertion loss between successive 
ports would still be 0.7 db while the power handling 
capacity should be doubled (v7z., 2000 watts). 


2 N. Sakiotis, H. N. Chait, and M. L. Kales, “Nonlinearity of 
propagation in ferrite media,” Proc. IRE, vol. 43, p. 1011; August, 
1955. : 
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CONCLUSION 


The insertion loss and Faraday rotation for various 
ferrite configurations have been studied by use of a 
system capable of measuring microwave loss to within 
+0.05 db. By defining both a power handling and trans- 
mission figure of merit, a ferrite structure capable of 
handling large amounts of microwave power was chosen. 
With this structure a polarization type circulator was 
constructed with a power handling capacity of at least 
1000 watts and an insertion loss of less than 0.7 db at the 
high-power level. In addition, a gyrator type circulator 
has been suggested which should have a 2000 watts 
power handling capacity with a high-power insertion 
loss of less than 0.7 db. 


APPENDIX 
When a ferrite is magnetized in the zg direction, the 
— — 


rf components of B and # are related in the following 
manner: 


B= pH, + 7K, xX A+ eH tz (2) 
where the subscript ¢ denotes the projection of a vector 
—~ 


on the xy plane and 2, denotes the unit vector in the z 
direction. 

Assuming an e/#'t"?-+z dependency, Maxwell’s equa- 
tions may be written as follows: 


> > lO Z 
Vix#£+ 742 £ = — jwB 
> > > .> 
VixH + 71.X H = jweH 
where € is the dielectric constant of the ferrite. 


Using (2) and the divergence relations, the above 
equations may be rewritten in the following form: 


V/E, + oH, + 6H, = 0 


V?H.+ cH,+ dE, = 0 
where 
K Mz 
a = g? — gy? —» b= —wyK —» 
b bs 
te 
¢= 2 — = wye — 
Kb Mb 
and 
go? = w’Ke g=ayt 7. 


Transforming the above equations into a pair of scalar 
wave equations we obtain 


L957 


Vieuy + Sim 
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; (3) 
Vi7Us + Sotto = 
where 
E, = Syu, + Soue 
Sia So—a 
er aSh u+ S2 ’ Us (4) 
and 
SiS. = ac — bd Si; +t S,=ate. 


Since “4; and wm are related to E, and H,, and EF; and H; 
are related to E, and H, through the curl relations, we 
can write F; in terms of w; and uw. These equations are 


4 ju ( 
Er = YVi(u1 + U2) — ae X Vit (Si = a) + (S2 — a) ues} 
Vy 
_ 1 
Hy, = — Vit (g? — Si) + (g? — S2) uo} 
wk 


ard jueiz x Vi(ur + ue). (5) 


Rizzi: High-Power 


Ferrite Circulators 235 


Ez, = [AoJn(kr) + BoN,(kr) ei? 
H., = [CJ n(kr) + DoN,(kr) |ein? 
where 
k? = 7? + w7uree. 
Having the various field components, we can now 


solve for the propagation constants in ferrite structures 
similar to those in Fig. 1. Since the tangential compo- 
nents of £ and H must be continuous across the bound- 
ary between the ferrite and the dielectric, this leads to 
four equations involving the field distribution in both 
the ferrite and dielectric regions. In order to obtain a 
nontrivial solution, we require that the determinant of 
their coefficients must equal zero. From this condition 
we obtain the equation which when solved yields the 
propagation constants for the various modes in the cir- 
cularly-symmetric ferrite-loaded waveguide. 

For the structure shown in Fig. 1(a) the equation is 


P\Q. = P2Qi (6) 


where for 7=1, 2 


P,= | su. a a)r1Gy' (71) + ny?(k? — sian) I6VSin = = BS; — Sirah V/SindGulr) | 


Mz 


QO; = Reza | ats? — Si) -F iss SiS; - 0) | ote w'KeSoiFi(r) IoVSi9 = bo Ke/ Sina! (VS) File) | 


z 


Since “ and uw are the solutions to (3), then (4) and (5) 
define the electromagnetic field in the ferrite region of 
a waveguide structure. 

Because of the circular symmetry, we solve the scalar 
wave equations in cylindrical coordinates. Thus 


uy = [AJn(W/Si7) + BLN .(V/ Sw) Je? 


I 


[Cn(/Sor) + DiN (Sor) ein? 


U2 


where A, B,, Ci, and D; are constants and J, and JN, 
represent the Bessel functions of the first and second 
kind, respectively. In the waveguide region containing 
a homogeneous isotropic dielectric €2, the solution of the 
wave equation yields 


P,= 


P,= 


[nKpey?(S2 — R2)In(Rri) — puoS2(S2 — a)kryJn! (kr) |G(/Seni) 
+ [wKuy?(Si — R?)In(Bri) — weeSi(Si — akriTn' (ri) men Sir) 
sim ppek?rs Jn (kr) |W S2(S2 = a)G! (WSor1) ae VSi(S4 =; a)m2N p! (/Sin1) | 


and 
_ fJalkr) —_Nalkr) 
Ee aes ae 
é a oe us en 
Mire Tu'(kro) No! (bro) S 


vr, = radius of the ferrite rod, 


Il 


ro = radius of the circular waveguide. 


In all these equations the primes signify differentiation 
with respect to the complete argument. 
For the structure shown in Fig. 1(b), the eigenvalue 
equation is 
PQ = PQ; (7) 


where 


[wKwy2(S1 — R2)In(Rri1) — woeSi(Si — a)krWJ a! (kr) |F(V/Sird) 
(es [wKwzy2(S2 — k)J,(Rri) — myeSe(S2 — a)kriIn!(kr1) lms n(+/Sor) 
Ae pak? Jn(Rri) [-VS1(S1 = a) F"(/Syn1) ar VS2(S2 = a)m3Nn' (WSs) | 
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[my mS (S4 = a) + uk a(g8 Sey S)}. T,,(kry) + wes »KuoSikr iJ’ (hrs) |F (VSir1) 
en = + ae [nm wS'2(S2 — a) a pzk? (g? — S2)}Tn(kri) + @~ en Kup okt iJ n (hrs) |g n (SA Serr) 
(= weK yk rn (hry) [VSP (WV Siri) + VSamsN a! (WV Sarr) | 


[m{ wS2(S2 — a) + pek?(g? — So)}Tn(Rri) + weeKueS akin’ (kris) |G(/ Sars) 
Qo = {+ [n{uSi(Si — a) + y,k2(g? — Si) }In(kri) + weeKuSikriJn’ (kri) lm2Na(WSin1) 
— weK uk ry Jn(kri) [VSG (WS Son) + SSN a! (VS Sin) 


and 


F(VSir) = In(WV Sir) + mNia(VSir),  G(VASar) = In(VSor) + aN a(S Sor) 


[SJn(VSi70)] E No(s/Sar) — igs VRS. 0) Na (/Sar) | 
Y 
— [SV (W/ Soro) | E ty (WS1r0) a zs VAYIAYI aes a)J a (WV S20) | i] 
mM, = 
[SV a(4/Se ro) | E Nn (Siro) a he ES q Vous = a)N, VSiro | 
— [S.N, (VWSir0) | E Nn(-VS2fo) ae z Vous: = a)N,' (VSir) | 
[SoTn(W/Sero)] E N(VS2r0) — vx VS2(S2 — a)Nn ‘VSar0) | | 
= [S2Vn(4/Soro) | E In(V/S2 ro) Sa.ceee xq VSS: — aN (VSir) | | 
r 
nN, = 
[sata vSen)]| Nn(W Siro) =e — VSi(S1 —" a), “(VSir0) | 
If 
ny — ML — 
— [SiV, vSin0]|" Ni(VSofo) = aye VS2(S2 x a)N,, "(V/Sar) | 
[Siva /Sir)]| = Iain) — A VSS — 0) J4tVSir0) | 
{ Ss , 
— [sia(vSir)]] “2 v(VSird) = VSS: — oN, v5ir) | 
0 
Was ( ny ie Me — 
[Son (VSoro) | E Na(VSir0) — aK VSi(S1 — @)Nn VSiro) | 
ro Y 
ny pa m ul 
z [SiVn(WSir0) | E Nal(V Soro) — aa VS2(S2 — a)Nn (v5 | 
To y 
ny nex 1 = 
[SiN n(W/Sir0) | E Jnl JV S210) — — VS2AS2 — a)Jn VSir0) | 
r yK 
: [S2Tn(V/S2ro) ] ruta — — VSi(Si — a)N, “VSin0) | 
To yK 
Ms = 
[Sea VSen)]| = WalVSino) =“ VIS: — 0, Sir | 
a (suva(/Si)]] Ni(/S2r0) — — x Voss Tava (V5in0) | 


r,; = inside radius of the ferrite cylinder, 


ro = radius of the circular waveguide. 
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Solving (6) and (7) for n= +1 yields the circularly 
polarized propagation constants for the modified TEn 
mode. Then by use of (1), the saturation rotation can 
be obtained for the composite ferrite and dielectric 
structures shown in Fig. 1. 

Some of these theoretical results are given in Fig. 2 
and Fig. 3. 
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Spectral Distribution of Thermal Noise in a 
Gas Discharge* 


SAUL M. BERGMANN} 


Summary—By means of thermodynamic considerations it is 
shown under which conditions microwave noise power generated 
by a gas discharge can be considered thermal. A critical analysis of 
Mumford’s hypothesis is made. 


INTRODUCTION 


UMFORD [1] has pointed out that a fluores- 
IV cent lamp filled with argon at 2-mm pressure 

and a drop of mercury having a saturated 
pressure of 6-8 microns, can be used as a standard micro- 
wave noise source having an equivalent temperature of 
11,400°K. By considering the case of a black body radi- 
ating at a temperature of 11,400°K, and calculating from 
Wien’s displacement law the wavelength of maximum 
at this temperature, Mumford found 
Nm = 2535A. The fact that an intensive mercury line 
lies at 2537A led Mumford to postulate that in a 
gaseous discharge, radiating light energy substantially 
at one particular wavelength A, the microwave noise 
power available is the same as that available from a 
black body radiating maximum power at that wave- 
length. In this paper, it is shown under which conditions 
the noise power generated by a gas discharge can be 
considered thermal. To this end a critical analysis of 
Mumford’s hypothesis is made. Three broad lines of 
attack are open. 

1) A general quantitative formulation of the fre- 
quency spectrum distribution of the gas discharge 
from the far ultraviolet region down to the micro- 
wave range, on a kinetic theory basis. A theoretical 
treatment has been made by Parzen and Gold- 
stein [2], but by invoking some critical arguments 
put forth by van der Ziel [3] it can be shown that 
their results hold only for microwave frequencies 
and would not hold for higher ones. The general 
treatment however is very difficult. 

* Manuscript received by the PGMTT, December 19, 1956; re- 


vised manuscript received, June 3, 1957. 
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2) An experimental investigation. 

3) An approach based on thermodynamical con- 
siderations which can be dealt with semiquanti- 
tatively. This course will be followed in this treat- 
ment. 


THERMODYNAMIC THEORY OF THERMAL NOISE IN 
A GAs DISCHARGE 


Mumford’s hypothesis can be reformulated by divid- 
ing it into two parts. 

1) In a gaseous discharge the microwave noise power 
available is the same as that available from a black 
body at a particular temperature, T. 

2) That particular temperature, 7, is of such magni- 
tude as to correspond to a maximum power radiation at 
a wavelength \,, at which light energy is radiated sub- 
stantially monochromatically. 

Consider a cavity with walls perfectly reflecting at all 
frequencies. 

Let the cavity contain particles with Maxwellian dis- 
tribution of velocities and in thermal equilibrium with 
radiation present in it. It has been shown by Einstein [4] 
that the radiation energy density in the cavity will then 
follow Planck’s radiation law 


U,dv = (8rhv?/c*)[exp (hv/xT) — 1|-!-dy (1) 


where J corresponds to the temperature of the particles. 
Planck has shown [5 |, that if some carbon dust or any 
other material, capable of reaching high temperatures 
without absorbing too much heat, is brought into a per- 
fectly reflecting cavity containing radiation, the radi- 
ation will redistribute itself and follow (1) after thermal 
equilibrium has been established. The temperature T 
will then be that of the material agent. Thus, if the 
cavity originally contained sharp mercury lines those 
would be absorbed, and partially re-emitted, and the 
radiation energy density would eventually obey (1). 
Consider a gas discharge tube in a waveguide in a 
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plane parallel to the electric vector and let both ends of 
the waveguide be terminated by a perfect short circuit. 
Let it be assumed that the cavity thus formed has per- 
fectly reflecting walls at all frequencies in the spectrum 
under consideration. In this case, the material medium 
consists of the particles in the gas discharge. The elec- 
trons owing to the applied external field and their small 
mass have by far higher velocities than the other parti- 
cles in the gas discharge. Since, on the other hand, the 
interaction energy between radiation and a charged 
particle is proportional to the velocity of the particle, 
the contribution of the electrons to the radiation energy 
will be much more important than that of any other 
particles in the gas discharge. If, in addition, the electron 
distribution is Maxwellian—and only Maxwellian, ne- 
glecting quantum effects—the concept of electron tem- 
perature 7, is meaningful and the radiation energy 
density in the cavity will follow (1) with 


f Bae as (2) 
It can be shown that the noise power available from a 


black body is given by the quantum theory form of 
Nyquist’s theorem 


dP = hy[exp (hv/xT) — 1]}-!-dv. (3) 

In our case the power available using (2) is 
dP = Iwlexp (hv/kT.) — 1|-)-d. (4) 
So far it has been assumed that the walls were reflect- 
ing perfectly at all frequencies. In fact, perfect reflec- 


tion obtains in the microwave region and therefore (4) 
holds in that frequency range. 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


For microwave frequencies one has 
hv/«T. K1 (5) 
so that (4) reduces to 
GMB oI REG THN. (6) 


The first part of Mumford’s hypothesis is then valid, 

It is seen from (4) that the frequency corresponding 
to maximum power radiation is a function of the elec- 
tron temperature 7,. On the other hand (4) holds 
irrespective of the particular properties associated with 
a given material in the cavity. This is a direct result of 
the second law of thermodynamics. It therefore follows 
that part two of Mumford’s hypothesis is not valid. 
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Design of Aperture-Coupled Filters’ 


FLORIAN SHNURER+ 


Summary—A procedure for the design of aperture-coupled 
filters is presented, based on the theory of conventional coupled cir- 
cuits. This design procedure accounts for the relatively low insertion 
loss of aperture-coupled filters as compared with other known de- 
signs of microwave filters. The factors which contribute to this low 
value of insertion loss are the following: 

1) Use of a high Q-mode configuration such as a cylindrical 
cavity in the TEo:, mode. 

2) Aperture coupling of elements eliminating the losses of im- 
pedance transforming sections of transmission line. 

3) A mechanical design which eliminates joints at critical points 
and also provides control over interior surface finishes. 


* Manuscript received by the PGMTT, February 18, 1957; re- 
vised manuscript received, June 17, 1957. 
t Gen. Elec. Co., Advanced Electronics Center, Ithaca, N. Y. 


I. INTRODUCTION 


ANY system applications require band-pass 
Vi filters at microwave frequencies having a low 

insertion loss. While band-pass filters can be 
built by cascading resonant cavities formed by irises in 
rectangular waveguide such as described by Mumford, 
the insertion loss of this filter structure becomes pro- 
hibitively large for many applications at X band and 
higher frequencies. 


1W. W. Mumford, “Maximally flat filters in waveguide,” Bell 
Sys. Tech. J., vol. 27, pp. 684-713; October, 1948. 
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To achieve a lower insertion loss, a filter structure was 
developed which involves the coupling of cylindrical 
cavities operating in the TEou mode through coupling 
apertures in the thin wall separating two adjacent 
cavities. By holding the thickness of this wall to 0.025 
inch, it was possible to reduce materially the insertion 
loss through this filter structure, which will be called an 
aperture-coupled filter. For example, a four-section 
aperture-coupled filter was built at K band which had 
an insertion loss of 0.3 db, while the comparable iris-in- 
waveguide structure had an insertion loss of approxi- 
mately 2.5 db. 

The purpose of this paper is to describe the procedure 
for the design of aperture-coupled filters and to give 
experimental results on their performance. 


II. CouPLING TO A TEoy,-MopE CYLINDRICAL 
CAVITY 


The basic element used in the design of aperture- 
coupled filters is a resonant cavity. A photograph of the 
cylindrical cavity used in the TEo-mode configuration 
is shown in Fig. 1 with requisite coupling holes. The 
wall thickness at the coupling holes is 0.020 inch, while 
the accompanying plunger allows the cavity to be 
tuned +10 per cent of center frequency. 

The TEo: mode was selected because of its very high 
unloaded Q, but any other normal mode can be chosen. 
The resonant wavelength of a TEou-mode cavity is 
given by the expression? 


2 
/ | eS =| 
aD IL, 
where D is the diameter of the cavity and J, its length. 
However, for optimum Q, it is desirable to have D equal 


to L, so that if the resonant wavelength is known, the 
diameter of the cavity is given by the following: 


D = 1.318). (2) 


: (1) 


Since the cavity dimensions are known, only the dimen- 
sions of the apertures which couple the cavities to the 
waveguide, or which couple adjacent cavities together, 
need to be determined. It should be clear that it is the 
dimensioning of these coupling apertures which finally 
determines the band-pass filter characteristic. 

An analysis of the loaded Q, Qz, of a cylindrical 
cavity oscillating in the TEo: mode, coupled to a rec- 
tangular waveguide, is given in Appendix I. The basic 
relation finally stated in (21) for an infinitesimally thin 
circular coupling aperture centrally located on the 
curved wall of the cavity is 


1 1.32248 
QO, abd, D*L 


(3) 


2T, Moreno, “Microwave Transmission Design Data,” McGraw- 
Hill Book Co., Inc., New York, N. Y., p. 219; 1948. 
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Fig. 1—Prototype TEou-mode filter section. 


where d is the diameter of the coupling hole, a and b 
the width and height of the waveguide, and \, the guide 
wavelength in the rectangular waveguide. This equation 
is the result of applying Bethe’s theory of diffraction by 
small holes.? Consequently, the result is valid only for 
the case in which d<X. This result also neglects heat 
losses in the cavity walls, so that it will yield a value of 
QO, slightly higher than observed. 

The coefficient of coupling y between two adjacent 
TEou-mode cavities coupled together by a common hole 
of diameter d may be expressed approximately by 


dy3 
Wn D?L 


a (4) 
This approximate relation is given by Bethe,’ and allows 
filter theory as developed for circuits which are usually 
expressed in terms of parameters Q; and y (2.e., the 
loaded Q of the resonant circuit and the coupling coeffi- 
cient between adjacent resonant circuits) to be applied 
to the design of a microwave filter in a quantitative 
manner. 


Ill. Spectric CASES AND EXPERIMENTAL DATA 
A. A Single Resonant Cavity 


Eq. (3) can be applied directly to the design of a 
band-pass filter. If the filter is to consist of a single 
cavity with two equal but diametrically opposite cou- 
pling holes, the loaded Q of the structure will then be 
halved so that 


1 2.64r7d® 


a FA COE 5 
QO, abd,D4L (S) 


Measurements were made on the structure shown in 
Fig. 1 for various values of coupling hole diameter. The 


experimental points and the theoretical curve, as ob- 
tained from (5), are given in Fig. 2 for the case in which 


N=0.875sinch 
a=0.622 inch 
6=0.311 inch 
D=1.250 inches 
L=0.860 inch. 


3H. A. Bethe, “Theory of diffraction by small holes,” Phys. Rev.,. 
vol. 66, pp. 163-181; October, 1944. a 
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Fig. 2—1/Qz vs d/2 for a cylindrical TEou-mode cavity coupled to a 
rectangular waveguide through two diametrically opposite and 
equal coupling holes. 


For small values of d/\, the experimental points give 
higher values of 1/Q than predicted by the curve of (5). 
This is to be expected, since the losses in the cavity walls 
have not been considered and will be the limiting factors 
in determining 1/Q for small values of d/X. For the 
larger values of d/d the agreement is better and indicates 
that Bethe’s small-hole theory is a satisfactory ap- 
proximation for holes of the order of \/4 in diameter. 


B. Two Resonant Cavities Coupled Together 


The structure that is visualized, is the coupling of two 
TEou-mode cavities, as shown in Fig. 3. by a common- 
coupling hole. 

This circuit can be treated in terms of the equivalent 
circuit of a double-tuned coupled circuit treated by 
Terman.‘ The equivalent circuit is illustrated in Fig. 4. 

The loaded Q of the primary and secondary is deter- 
mined by the usual relations 


woL wols 
D = cave Os — . (6) 
Rp Wes 


For the case of the microwave structure, the loaded Q 
of the primary and secondary is determined from (3) by 
substituting the dimension of the particular cavity, 
waveguide, and coupling hole. The only other variable 
determining the filter characteristic, is the diameter of 
the coupling hole which couples two adjacent cavities. 


4F. E. Terman, “Radio Engineering,” McGraw-Hill Book Co., 
Inc., New York, N. Y., pp. 58-66; 1947. 
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Fig. 3—A two-section aperture-coupled filter. 


— 
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Fig. 4—Equivalent of a double-tuned circuit. 


This diameter can be determined from (4) once the 
value of coupling coefficient y is known. y determines 
whether the filter characteristic is overcoupled, critically 
coupled, or undercoupled. The particular value of y can 
be selected from universal characteristic curves such as 
those given by Terman.4 

An example of this design procedure is given for the 
following case of a two-cavity band-pass filter at X 
band. A filter having a half-power bandwidth of 3.0 
mc centered at 9000 mc was desired. Two TEou-mode 
cavities, 1.94 inches in diameter and 1.15 inches in 
length, were used. A curve of the half-power bandwidth 
vs coupling hole diameter for a single cavity coupled 
to waveguide, is given in Fig. 5. The cavities were 
coupled to RG-52/U waveguide at the input and output 
of the filter and were coupled together by a common 
coupling hole. From universal resonance curves it was 
established that the single cavity coupled to a wave- 
guide must have a half-power bandwidth of 2.0 me. Fig. 
5 indicates that a hole diameter of 0.323 inch is required 
to couple the cavities to the input and output wave- 
guides. The only remaining quantity to be determined 
was the diameter of the hole coupling the two cavities 
together. Substituting in (4), the coefficient of coupling 
for critical coupling, y =1/Q;=2/9000, and solving for 
the hole diameter yielded a value of 0.176 inch. Experi- 
mental tests showed that this value was somewhat too 
small, so that the filter had an undercoupled character- 
istic. A direct method of determining the coupling co- 
efficient of a given coupling hole is given in Appendix 
II. This experimental method led to a coupling hole of 
0.182 inch in diameter and a filter characteristic corre- 
sponding to a critically coupled double-resonant circuit. 
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Fig. 5—1/Qz vs d/) for a cylindrical TEou-mode cavity coupled to a 
rectangular waveguide through a single coupling hole. 


IV. INSERTION Loss IN APERTURE-COUPLED FILTERS 


The insertion loss in any microwave component usu- 
ally can be attributed to a copper loss in the conducting 
walls or to an absorption of energy by some additional 
dissipative element within the device. As no dissipative 
element is introduced into the resonant cavities of the 
filters in question, the remaining cause of loss is simply 
the heat loss on the cavity walls and in the coupling 
irises. Therefore, the problem is that of deducing a 
simple expression for this insertion loss. 

Let us examine the basic definition of Q as given in 
(13) of Appendix I. 


« (energy stored in the circuit) 


= (7) 


average power loss 

For a given cavity, the energy storage should be a func- 
tion of the mode of oscillation and, therefore, independ- 
ent of loading. Average power loss, however, can be 
ascribed to losses within the cavity, and to losses caused 
by a transfer of power out of a cavity. Consider the 
ratio 0,/Q.u, where Q, is the cavity Q with no power 
coupled to an outside circuit, and Qz is as defined in 
Appendix I. 


Ox OW ep Lf), 
Os ‘j Pr oW. 
Pr 
ails 8 
P, (8) 


where P,, is the average power lost by rf heating in the 
walls and P; is the average power transferred to an 
external circuit. If Oz is taken as the quantity defined 
by (21), then the ratio Q,/2Q, represents the ratio of 
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power lost in rf heating to the power transferred through 
a cavity having two symmetrically placed coupling 
holes. The power loss though the cavity L in decibels is 
given by 


1 
L = 10dogi9.)' ————_ ]. (9) 


Since Q,/20,<1, 
(10) 


L=101 E a | 
= og ras 
10 20, 


This expression represents the power loss in just one 
cavity. In order to calculate the total power loss it is 
necessary to sum over the total number of cavities, JV. 


Qiu | 
Ope 

In calculating the above power loss, Q, is obtained 
by substituting physical dimensions of the cavity in 
(21), while values Q, can be calculated or obtained from 
universal curves as given by Moreno.? Eq. (11) can be 
applied to the X-band filter described in Section III-B. 
The unloaded Q for the single cavity is about 20,000, 


while the loaded Q should be about 2100. Substituting 
into (11), one obtains 


L > 101 E ice | 
= fe) 
BY 40,000 


t=1 


N 
Lmek 10 logie E + (11) 


t=1 


(12) 
= 0.44 db. 


The measured insertion loss was 0.5 db, which is in good 
agreement with the computed value. Eq. (11) is an 
approximation in which Q, is considered to be the value 
of Q obtained when a cavity is loaded by coupling it to 
an external waveguide circuit. In general, this is not the 
case because the cavity in question may be coupled to 
two adjacent cavities. In spite of this approximation, 
the results obtained using (11) agree quite well with 
measured values of insertion loss, indicating that the 
losses in the coupling holes or irises are essentially 
negligible in comparison with the rf losses over the 
cavity walls. 


APPENDIX I[ 


DERIVATION OF LOADED Q oF A TEou-MopDE 
CYLINDRICAL CAVITY COUPLED TO A 
RECTANGULAR WAVEGUIDE 


The basic relation for the Q of any circuit can be ex- 
pressed as follows: 
1 average power loss 


S 
— = =. (13) 
Q  w(energy storedinthe circuit) wW, 


5S. Ramo and J. R. Whinnery, “Fields and Waves in Modern 
Radio,” John Wiley & Sons, Inc., New York, N. Y., p. 9; 1944. 
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Fig. 6—Cavity and waveguide configuration with cavity 
system of coordinates. 


Assume that a cylindrical cavity of diameter D and 
length ZL is coupled to a rectangular waveguide of 
width a and height 6 by a hole of diameter d. The con- 
figuration is shown in Fig. 6. 

Assume that the TEou mode is excited in the cylindri- 
cal cavity with the following field components: 


ee 3 
Eo = Ji(Rir) sin — 
IL 
E, = Ez = Hy) =0 
(14) 


a T Gjes 72 
= — r) cos — 
Tay ory eae L 
Hen _ €8 
Hz = J Rat) SINjaaa 
JOM Ik, 


where k, =7.664/D, and a time variation of exp (jf) is 


assumed. The energy stored in the cavity W, is given by 


Wee 5 if EgdV (15) 


where V is the volume of the cavity. Substituting (14) 
into (15) the expression for the stored energy can be 
evaluated as 


2 


W,= J 0?(3.832) (16) 
where Jo is the Bessel function of the first kind of order 


zero. 
According to Bethe,’ the average power lost through 


a window can be expressed as 
k? 
Seay | PEonEan + 7M1HoiHat + jM2H omHam|? (17) 


where P, Mi, and Mz are the polarizabilities of the 
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AXIS OF CAVITY 


i 


ORIGIN OF WAVEGUIDE COORDINATES 


Fig. 7—System of coordinates in the window. 


window which depend on the geometrical configuration 
of the window. S, is a normalizing constant. The fields 
with subscript 0 are the cavity fields, while the fields 
with subscript a are waveguide fields. The subscripts 
n, 1, m refer to the principal axes of the window. The 
geometrical orientation is shown in Fig. 7. The wave- 
guide fields for the dominant TE, mode are given as 


Tx 
H, = H,cos— 
a 
12aH wx 
1B hr = i : sin — 
Ng a 
—jn2aH, SETS. 
E, = ——— sin — - (18) 


a 


The average power transmitted down the waveguide is 
given by 
2a°bn f 


S. = Hy? 1 
aie (19) 


For a circular window, the _ polarizabilities 
M,= M,=4d?/6n, and P=d°/3y.6 

The expression for the average power lost through the 
window can now be obtained by substituting the values 
for the polarizabilities, (18), (19), and (14) into (17) to 
obtain 


are 


1.63Ad°® 


Ss S383 
ab D2dgn a 


(20) 


The final form of the expression for 1/0 can now be 
obtained by substitution (15) and (20) into (13). 


1 US2N 08 


PERNT. a eae 2 
ORR ab, Dt E (21) 


This equation expresses the loaded Q of the cavity in 
terms of the waveguide and cavity and coupling hole 
dimensions. A correction can be made to account for 
heat losses, but it is usually not warranted because of 
the high unloaded Q of the cavity. 


6 A. T. Starr, “Radio and Radar Technique,” Pitman Publ. Corp., 
New York, N. Y.; 1953. See p. 157 for the polarizabilities in mks 
units. 
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APPENDIX II 


EXPERIMENTAL METHOD OF DETERMINING COUPLING 
COEFFICIENT 


Consider two identical structures consisting of a 
waveguide coupled to a cavity, as shown in Fig. 6, to 
be coupled together through a common coupling hole. 
The diameter of this coupling hole can be approximated 
using (4), but an experimental check of the value is 
highly desirable. 

The equivalent circuit under consideration is illus- 
trated in Fig. 8. 

The impedance looking into the input waveguide is 


viagogo)! (22) 
z+ (oM)” 
VE, 
where 
pets aah) 
aC 
At resonance 
satin (23) 


Rit + (701)? 


where y is the coupling coefficient, and OQ, =woLl/R can 
be obtained from (21). 
The reflection coefficient is given by the following 


relation: 
Z,-—Z 
fh eiie 27S (24) 
Z1+ 26 


where Zo is the characteristic impedance of the input 
waveguide. Substituting (23) into (24) yields 


_ (My)? — RZ[1 + (yQx)?] 
(wM1)? + RZo[1 + (yQx)?] 


If the first cavity in the circuit is tuned to resonance 
and the second is detuned, then k=0 and 


a (wM)? =e RZ 
TOIL EARZo 


(25) 


(26) 


If critical coupling is attained, y.=1/Qz and it follows 
that 


(wM 1)? — 2RZo 
* (My)? + 2RZo 
Solving (26) for (wM,)? yields 


(27) 


Shnurer: Design of Aperture-Coupled Filters 


243 
z= 
Cc L L 
Fig. 8—Equivalent circuit of a two-cavity filter. 
14+ T 
(iy? = RA | l 
[1 — To] 
= RZ So (28) 


where Sp is the input vswr that is measured with the 
second resonator detuned. Substituting this result into 
(25) yields 


So — [1 + (7Qz)?| 


= : (29) 
So + [1 ah (yQr)?] 
Eq. (29) can now be solved for the yQz to give 
“y So —i- T'(So + 1) 
=—= . (30) 
ee Ye y/ pl 


Using the fact that I is real, it is possible to express (30) 
in terms of So, the vswr measured with the second 
cavity detuned, and S, the vswr measured with both 
cavities tuned to resonance. 


¥ \/- 5 
ve S 
Knowing the ratio y/y-, and that the coupling coefficient 
varies as the cube of the hole diameter, it is possible to 
compute the hole diameter for critical coupling and 
hence for any value of coupling coefficient desired. 

Besides obtaining the value of coupling coefficient 
experimentally, the conditions for a matched input 
looking to the filter can be derived. If (26) and (27) are 
solved simultaneously with the variables (wi,)? and 
RZ, then the condition for the existence of a solution 
requires that 


(31) 


{30 
2 ene (32) 
ig eee 


Therefore, a good match with critical coupling re- 
quires that I) =1/3. The more general case follows from 


setting I'=0 in (29) and solving for y/¥<. 
v/Ve = VSo — 1. (33) 


This equation determines the coupling coefficient for 
S=1 at the filter resonant frequency. 


CONS Ca, 
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Optimum Impedance and Dimensions for Strip 


Transmission Line* 
KARLE S. PACKARDt 


Summary—This paper makes use of the higher mode limitations 
on the dimensions of symmetrical strip transmission line to derive 
the permissible dimensions at any given frequency and characteristic 
impedance. In conjunction with Cohn’s results for the attenuation in 
strip transmission line these are used to obtain the maximum achiev- 
able Q at any frequency and the optimum characteristic impedance; 
that is, the impedance providing the lowest attenuation. This pro- 
vides the basis for selecting the characteristic impedance for res- 
onant elements in strip line filters and other applications wherein 
the lowest possible attenuation is desired. Conclusions are also 
reached regarding the best form factor (ratio of strip thickness to 
ground-plane spacing) for a given characteristic impedance. 


INTRODUCTION 


N MANY microwave applications it is desirable to 
| use a section of transmission line having the lowest 

possible attenuation. This is particularly true in the 
case of narrow band microwave filters where lengths of 
transmission line are used as resonant elements. In 
such an application, the characteristic impedance and 
the line dimensions may usually be chosen arbitrarily. 
It is necessary, therefore, to know how the attenuation 
varies with these parameters and what limitations are 
imposed upon them. Although this information is well 
known for coaxial line and uniconductor waveguides, it 
is not generally known for strip transmission lines. It is 
the purpose of this paper to present this information for 
symmetrical strip line comprising a flat strip center 
conductor centrally located between, and parallel to, 
two parallel ground planes. 

As has been shown by Cohn,! the attenuation of sym- 
metrical strip line decreases as the characteristic im- 
pedance is decreased for a constant ground-plane spac- 
ing, and decreases as the ground-plane spacing is 
increased for a constant characteristic impedance. 
Therefore, strip transmission line does not have an 
optimum impedance for fixed outer conductor size 
analogous to the case of coaxial line. However, if the 
outer conductor size of coaxial line is not limited, the 
optimum impedance is limited by the first circumfer- 
ential mode; it is 92.6 ohms, and produces the absolute 
minimum attenuation.’ Similarly, by considering the 
size limitations due to higher modes in symmetrical 
strip lines, we may deduce the optimum impedance for 
these lines. 


* Manuscript received by the PGMTT, February 25, 1957; re- 
vised manuscript received, June 14, 1957. 

t Airborne Instruments Lab., Inc., Mineola, N. Y. 

1S. Cohn, “Problems in strip transmission lines,” IRE TRANs., 
vol. MTT-3, pp. 119-126; March, 1955. 

2G. L. Ragan, “Microwave Transmission Circuits,” McGraw-Hill 
Book Co., Inc., New York, N. Y., p. 146; 1948. 


H1GHER MopgE LIMITATIONS ON LINE DIMENSIONS 


One limit on the line dimensions is imposed by the 
TM modes, the lowest of which has a cut-off wavelength 
equal to twice the ground-plane spacing. This gives an 
absolute upper limit to the ground-plane spacing. For 
spacings less than this, a possible circumferential TE 
mode can also impose a limit. The cut-off frequency of 
this TE mode depends on the strip width and the 
ground-plane spacing. The TE cut-off wavelength may 
be calculated* from the analogous £-plane bifurcation 
in rectangular waveguide, and for the lowest mode is 
given by 


Ae = 2w + 4d (1) 
where d is the distance from the edge of the strip to the 


open-circuit point, and is given for infinitesimally thin 
strips by,‘ 


d=—I|In2+ 


a ele w oon) 


Si(4) = > (resin ei =), 


n=1 Nn nN 


(2) 


with 


(See Marcuvitz! for tabulation of arcsine sum functions.) 

The meaning of w and D are as shown in Fig. 1, where 
the field configuration for this mode is shown and Fig. 
1(b) shows the “uniform field” equivalent of Fig. 1(a); 
that is, a line having the same propagation constant 
and characteristic impedance, but no fringing capaci- 
tance. Although (2) holds only for an infinitesimally 
thin strip, the results may be put in a form which takes 
account of the strip thickness, ¢. Consider the “uniform 
field” equivalent for a thick strip as shown in Fig. 2(a). 
For the line in Fig. 2(a) to have the same characteristic 
impedance and cut-off wavelength as that in Fig. 1(b), 
we must have, 


w=wt+2d, D'=D+t. 


Now the line in Fig. 2(a) is the equivalent of some 
actual line shown in Fig. 2(b). Therefore, a line with a 
strip of thickness, ¢, has the same cut-off wavelength as 


3A. A. Oliner, “Theoretical Developments in Symmetrical Strip 
Transmission Line,” presented at Symposium on Modern Advances in 
Microwave Techniques, Polytechnic Inst. of Brooklyn, Brooklyn, 
N. Y.; November, 1954. 

iN, Marcuvitz, “Waveguide Handbook,” McGraw-Hill Book 
Co., Inc., New York, INFOYE Spal oneLools 
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Fig. 1—Zero-thickness strip line. (a) Actual line; 
(b) uniform field equivalent. 
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Fig. 2—Thick-strip line. (a) Uniform field equivalent; 
(b) actual line. 


a line of the same characteristic impedance but with a 
zero-thickness strip and a ground-plane spacing less than 
that of the former by the amount, f. 

We may combine (1) and (2) and write 


D 2 DF. ay 
one FL 


= [a(im)-s(tm)] 0 


where v is the phase velocity and f, is the cut-off fre- 
quency. Eq. (3) gives the maximum value of w/D at the 
cut-off frequency from which the minimum permissible 
characteristic impedance may be calculated.®*® If now 
this characteristic impedance is plotted as a function of 
»/eDf,, the curves of Fig. 3 result, where those for thick 
strips are obtained by multiplying the abscissas of the 
t=0 curve by D’/(D’—t). Therefore, as used in Fig. 3, 
D refers to any line regardless of strip thickness. These 
curves are useful in determining the operating frequency 
limit for a line of given dimensions. We will make further 
use of them, however, in deriving the optimum char- 
acteristic impedance. 

It should be noted that the assumption made in using 
an analysis based on the waveguide £-plane bifurcation 
and the “uniform field” equivalents is that there is no 
higher mode interaction between the two edges of the 
strip. This assumption is true providing that the strip is 
not too narrow. For the ranges of characteristic imped- 
ance and ¢t/D used in Fig. 3, the value of w/D is not less 
than 0.35 for values of ~/eDf, up to 5.75. Furthermore, 
this minimum value of w/D holds for thin strips, where- 
as the minimum value of w/D is even larger for thicker 
strips. It can be expected, therefore, that for practical 


5S. Cohn, “Characteristic impedance of the shielded-strip trans- 
mission line,” IRE Trans., vol. MTT-2, pp. 52-57; July, 1954. 

6 R. H. T. Bates, “The characteristic impedance of the shielded 
slab line,” IRE Trans., vol. MTT-4, pp. 28-33; January, 1956. 
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Fig. 3—Minimum characteristic impedance vs higher 
mode cut-off frequency. 


strip line geometries higher mode interaction will not be 
a serious factor and the results based on this assumption 
will be valid. 


OPTIMUM CHARACTERISTIC IMPEDANCE 


From Cohn’s calculations of losses in symmetrical 
strip line! the ground-plane spacing should be as great 
as possible for low loss, but from the curves in Fig. 3 it 
is seen that a high impedance must then be used which 
in itself implies high loss. Due to the nonlinear relations 
involved, however, it appears that there should be a 
minimum loss. That is, over the range of characteristic 
impedance to be considered, inspection of the curves 
used by Cohn! show that the unloaded Q of a resonant 
line as a function of the frequency, ground-plane spacing 
and impedance can be approximated by a linear func- 
tion, 


Ovi = Df(A — BV eZ) 


where A>>B and both are constants. The lower asymp- 
tote of each of the curves in Fig. 3 is 


V/eZy = 15.95»/e(D — df 
so that in this region the maximum ( is given by 
Ovf = Df[A — C(D — df] 


where C is a constant and the second term on the right 
is much smaller than the first over the range of Df to be 
considered. Therefore, QVf is an increasing function of 
Df in this range. As the curve in Fig. 3 departs from this 
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asymptote, however, the minimum impedance rapidly 
approaches a very large value and therefore Q Vf must 
decrease as Df increases. Due to the unwieldy functions 
involved, this maximum is most easily found by graph- 
ical methods. The results of these calculations for copper 
conductors are shown in Fig. 4, for several values of t/D 
from which it is seen that the minimum loss for very 
thin strips is obtained for a characteristic impedance of 
about 95 ohms at a ground-plane spacing of t+0.44/V/e 
inches. This has been verified experimentally for thin 
strips and is true for values of t/D up to 0.14 at which 
point the limit for the TM mode is reached. For t/D 
greater than 0.14 the maximum achievable Q is limited 
only by the ground-plane spacing, the optimum imped- 
ance being indicated by the intersection of the para- 
metric curves in Fig. 3 with the line V/eDf,=5.9, which 
is the cut-off condition for the lowest TM mode. 

The curves in Fig. 4 also show that there is an opti- 
mum set of dimensions for minimum loss. That is, the 
ratio t/D=0.25 and a characteristic impedance of 76 
ohms, with a ground-plane spacing of one-half wave- 
length at the operating frequency, produces the absolute 
minimum attenuation. The maximum obtainable reso- 
nator Q for this case is 2.25 X 104/ Vf which is comparable 
to the 2.1 10!/ Vf obtainable for coaxial line using cop- 
per conductors. It should also be mentioned that, al- 
though the approximations used in calculating the at- 
tenuation as a function of characteristic impedance do 
not permit the full range of values of t/D to be included, 
Cohn’s calculations have been extended by the writer to 
higher values of t/D. Although the limits imposed do not 
permit a positive statement, it does appear that the 
minimum attenuation for a fixed-ground-plane spacing 
will also be obtained for t/D =0.25 over the impedance 
range 80 to 130 ohms. The improvement over the case 
t/D=0.1 is not great, however, and for all practical pur- 
poses the latter may be used for fixed ground-plane spac- 
ing throughout the range of impedances most used. 

The accuracy of these calculations is limited by the 
accuracy of Cohn’s formulas for attenuation. These are 
admittedly approximate, but are accurate to +4 per 
cent which is certainly sufficient for most all applica- 
tions. 


PRACTICAL APPLICATIONS OF RESULTS 


It should be pointed out that the optimum impedance 
and ground-plane spacing arrived at by this procedure 
dictate operation at the cut-off frequency of one or more 
higher modes. In actual engineering practice it would be 
necessary to provide some margin of safety by operating 
below these cut-off frequencies, particularly in the case 
of the TM modes which will radiate.*? In some applica- 
tions it may be permissible to operate under conditions 
where the TE modes can exist, and, in fact, what might 
be called super-Q resonators have been made at this 
Laboratory under these conditions. 

To provide sufficient reactive attenuation of the 
higher modes of the strip line, an analysis can be made 
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Fig. 4—Maximum obtainable Q vs characteristic 
impedance. 


using the expression for the attenuating effect of a 
waveguide below cut-off, 


( ee eees eee eal 
iL = 545 ee /1 — (A./A)? db per length, d. 


c 


This may be put in a form more useful for the present 
purpose giving the following equation for the new oper- 
ating conditions in terms of the desired higher mode 
attenuation, 


Df = Dfe/t = (L278), 


where L is the desired attenuation in db per ground- 
plane spacing. L has a maximum value of 27.3, as may 
be seen from the equation for LZ by letting A> and 
d=D, since D/d, has a maximum of 3. If the same reac- 
tive attenuation is required for both TE and TM modes, 
then the optimum characteristic impedance will remain 
unchanged since the whole operating curve in Fig. 3 is 
shifted to the left. If the attenuation is only required for 
the TM modes, then the optimum characteristic imped- 
ance will be given by the intersection of the parametric 
curves in Fig. 3 with the new constant Df line. The maxi- 
mum Q may be found by transferring these limiting 
values of impedance to the curves in Fig. 4. For arbi- 
trary amounts of reactive attenuation for the two types 
of higher mode the user can readily find the optimum 
characteristic impedance from the principles used 
above. Particular care in these matters must be taken in 
designing filters as the unwanted modes can seriously 
affect the coupling between the filter elements. 


CONCLUSION 


To summarize the results obtained, several points 
may be brought out. The first of these is that caution 
must be exercised in regard to TE modes in low imped- 
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ance circuits. For example, it is not generally appre- 
ciated that, for typical values such as D=)/4 and 
t/D=0.1, the TE mode cut-off corresponds to a char- 
acteristic impedance of 43 ohms. Whereas the existence 
of this mode does not necessarily cause serious trouble, 
it may often explain discrepancies between experimental 
results and those calculated on the basis of a pure TEM 
mode. As is obvious from Fig. 3, this may be avoided by 
using a thicker strip. 

The second point is the existence of an optimum 
characteristic impedance for obtaining the lowest at- 
tenuation. The value of this optimum will depend on 
the desired higher mode attenuation. Because the con- 
ditions will vary widely for different applications, the 
data presented cover the case of operation at the cut-off 
frequency of both the lowest TE and TM modes. This 
condition produces the lowest possible loss. For practical 
applications, however, the method for obtaining the op- 
timum in other cases has been outlined. 

A few final words should be said in regard to an inter- 
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esting point shown by the curves in Fig. 3 and 4. It is 
assumed that one usually wishes to operate with the 
lowest possible line losses and this generally imples a 
high value of D, and therefore, of Df. As to the strip di- 
mensions for lowest line loss an examination of the 
curves in Figs. 3 and 4 shows that for low values of char- 
acteristic impedance, it is desirable (see Fig. 4) and often 
necessary (see Fig. 3) to use high values of ¢/D. From 
the curves for characteristic impedance given by Bates® 
it is seen that high values of t/D imply small values of 
w/D. On the other hand, Bates also shows that a high 
characteristic impedance can only be obtained with 
small values of ¢/D. Therefore, it may be concluded 
that, in addition to the preceding considerations of the 
optimum characteristic impedance, one may make the 
generalization that a high impedance line with lowest 
loss should be in the familiar strip line from (tw) 
whereas low impedance lines with lowest loss should be 
made with much thicker strips, in some cases with the 
strip thickness exceeding the strip width (¢>w). 


Deflection of Waveguide Subjected to Internal Pressure” 
LUCIEN G. VIRGILET 


Summary—tThe pressure carrying capacity of a large range of 
standard waveguide sizes can be readily determined by the use of 
formulas presented in this paper. The derivation of these formulas is 
obtained by a continuous beam analogy and comparable test results 
are shown which substantiate the validity of the theoretical analysis. 

Where high pressure conditions prevent the use of standard 
waveguide, these same formulas are utilized in the development of 
special high-strength lightweight guide. Techniques for designing 
such waveguide, including the use of a honeycomb sandwich con- 
struction, are discussed. 


HE DEVELOPMENT of radar systems of in- 
“Pee range has been brought about largely by 
the use of greater and greater power. In order to 
increase the power handling capacity of the microwave 
packages, pressurization is utilized to prevent electrical 
breakdown. It is, therefore, extremely desirable to be 
able to determine quickly the pressure carrying capacity 
of a given waveguide and, when standard waveguide 
cannot safely carry the required pressure, to be able to 
design special guide of minimum weight and/or cost. 
The derivation of formulas that express the relation- 
ship of wall thickness to pressurization capacity is pre- 
sented for a considerable range of waveguide sizes. The 
* Manuscript received by the PGMTT, March 13, 1957; revised 
manuscript received, May 13, 1957. 


+ Microwave Electronics Div., Sperry Gyroscope Co., Great 
Neck, N. Y. 


criteria for this relationship are 1) that the waveguide 
should not permanently distort, and 2) that the elastic 
deflection should not exceed the amount permissible for 
satisfactory microwave use. The problem is approached 
both analytically and empirically with good correlation 
between the two methods. 

Fig. 1(a) depicts a typical cross section of unpressur- 
ized guide. The application of internal pressure results 
in distortion as shown in Fig. 1(b). The question fre- 
quently arises, “How can the short wall bend inward 
when the pressure should be forcing it outward?” A 
simplified explanation of this phenomenon is that the 
corner moment, due to the relatively greater length of 
the long wall, is sufficient to more than overcome the 
internal pressure on the short wall, resulting in an in- 
ward deflection. This is borne out by both the derived 
formulas and actual test results. 

The pressurized waveguide cross section is considered 
to be similar to a uniformly loaded continuous beam of 
an infinite number of spans (or a simple beam with end 
moments!) as shown in Fig. 2. The analysis that follows 
pertains to unsupported waveguide which, as a practical 
consideration, means that it is applicable to sections that 


17, N. Anderson, “Rectangular and ridge waveguide,” 
TrANS., vol. MTT-4, pp. 201-209; October, 1956. 
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Fig. 1—(a) Unpressurized waveguide; (b) waveguide 
under pressure. 
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Fig. 2—Waveguide shown as infinite continuous beam. 
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are distant from flanges (or other supports) by a length 
of more than the broad wall dimension. Symbols used 
in the derivations are defined in Table I. 

The three-moment equation is applied to the first 
three spans of the continuous beam resulting in: 


Mya (a+ d) hs Msb w(a® + 63) 
FEROLl ear 


+ 2M, 


a 2 


The beam (for standard waveguide) is of constant cross 
section, allowing the J term to drop out. Since the wave- 
guide is symmetrical at each corner, 


M, = M.= M3; = M and 
Ww 
3M(a + b) Fi TUN 


w(a? + 6°) 

12(a + d) 
It may be noted that (1) is consistent with the common 
structural practice of considering the maximum bending 


moment on any span of a continuous beam of many 
equal spans to be equal to wL?/12. 


(1) 
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TABLE I 
SYMBOLS AND ELEMENTARY EQUATIONS 


a=inside long dimension in inches 
b=inside short dimension in inches 
t=thickness in inches 

w=pressure in pounds per square inch* 

I=3/12 =moment of inertia* 

M=bending moment at any corner or point of support 

(since M, = Mz= M3 = M,, etc.) 

E=modulus of elasticity in pounds per square inch 
s=stress at yield point** in pounds per square inch 

ki, ke, ks =constants for given values of a, b, and ¢ 

ya =deflection of a at a/2 in inches 

45 = deflection of b at b/2 in inches 

@y=a+2y,=dimension a when presssurized 

bp =b+2y.=dimension b when pressurized 
¢=t/2=distance to most remote fiber 

X =an unknown arbitrary length 

ZL =a known arbitrary length 


* Based on unit length to permit simplified analysis. : 3 
** The limit to which the analysis is valid since beyond this point strain and 
stress are no longer proportional. 


Using the basic relationship between stress and strain, 
and substituting (1), the formula for pressure becomes: 


w(a?+b%) ft 
5 Me 120+) Q _ w(at + 58) 
I 13 212(a + b) 
12 
2st?(a + b 
eh) fe 


Thus, by substituting the known dimensions a, 6, and 
t for a given size waveguide and the allowable stress s 
for a given material, the maximum allowable pressure 
is easily obtained from (2). Conversely, the same for- 
mula can be utilized to solve for s or ¢ for a given pres- 
sure. 

To determine the waveguide deflection under pres- 
sure, it is necessary to combine the deflections due to 
load and moment.? Deflection due to load is expressed as 


See wiles 
4 she ehh 
384 EI 


and deflection due to moment as 


1 M x8 
y ence sat — = — 218) \ 
6 EI ie 


The direction of the moment is such that it opposes the 
effect of the load. Thus, 


5 wat Ma? 
79: ge Vapi SET 

5S wat wa?(a? + 63) 
Vara 


384 EI 96EI(a + d) 


cae {° a aa? + 
ema ueeups,: 8(a + b)é3 


(3) 


2. R. J. Roark, “Formulas for Stress and Strain,” McGraw-Hill 
Book Co., Inc., New York, N. Y., p. 109; 1954. 
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TABLE II 
WAVEGUIDE CONSTANTS 
a b t ky Ro ks ws 
6.500 | 3.250 | 0.080 | 0.000404 | 215,000) —48,000 DW 
4,300 | 2.150 | 0.080 | 0.000920 | 43,400 —9,200 4.6 
3.400 | 1.700 | 0.080 | 0.00148 16,400| —3,570 7.4 
2.840 | 1.340 | 0.080 | 0.00211 7,880 —1,650 | 10.6 
1.872 | 0.872 | 0.064 | 0.00309 2,940 —619 | 15.5 
1.372 | 0.622 | 0.064 | 0.00579 836 —171 | 29 
1.122 | 0.497 | 0.064 | 0.00864 379 —76 | 43 
0.900 | 0.400 | 0.050 | 0.00820 585 —66 | 41 
0.622 | 0.311 | 0.040 | 0.01103 149 —32 | 55 
0.420 | 0.170 | 0.040 | 0.02388 30 —5 |119 


‘ Maximum pressure (in pounds per square inch gauge) that may 
be utilized without permanent deformation in annealed standard 
aluminum waveguide. 


TABLE III 
S AND E VALUES 


Waveguide S—As 


S E 
Material received Annealed 
2S Aluminum 13,000 psi 5000 psi 10° psi 
61S Aluminum | 35,000 psi 108 psi 
Brass 40,000 psi 12,000 psi 1.2108 psi 


and similarly, 


(4) 


w ie bs EN 
Yo = = 


E\32 ® 8(a+ d)é 


Thus, the deflections are expressed in simple known 
terms. These deflections are then added to the original 
inside measurements to find the inside dimensions under 
pressure as follows: 


dp = a+ 2yp 
bn =O 24,. 
Eqs. (2)—(4) can also be expressed as 
Wi = hss (5) 
w 
Ya = he ra (6) 
w 
Oe ae (7) 


where kj, ko, and k3, are functions of a, 6, and t. To avoid 
future repetitious calculations, Table II has been pre- 
pared showing these constants for various sizes of stand- 
ard waveguide. 

Values of £ and s are required to complete the solu- 
tions and may be obtained from a number of standard 
reference sources. A caution to be observed lies in the 
selection of suitable s values, since the waveguide ma- 
terial may be annealed in the making of the microwave 
component (for example, in attaching flanges by oven 
brazing). Table III shows values for E and s that have 
proved to be satisfactory. 

A substantial number of tests have been performed at 
the Sperry Gyroscope Company that show close agree- 
ment between experimental results and values calcu- 
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Fig. 3—Effect of pressurization on 2S aluminum L-band 
waveguide (WR 650). 
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Fig. 4—Effect of pressurization on 2S aluminum L-band 
waveguide (WR 650). 


lated from the above formulas. Typical comparisons 
are shown in Fig. 3 and Fig. 4. These curves represent a 
specimen of 2S aluminum L-band waveguide with heli- 
arc welded (no annealing) flanges. Tests on other sizes of 
guide have yielded similarly good correlation to the 
theory. The slight discrepancies that exist between cal- 
culated and test values are probably due to variations 
in waveguide dimensions (calculated values are based 
on nominal waveguide size) and/or inhomogeneous 
modulus of elasticity as well as test inaccuracies. 

It should be borne in mind that it is generally unsatis- 
factory to determine pressure carrying capacity solely 
from the stress point of view. In most cases it is neces- 
sary also to calculate the deflection with consideration of 
the specific application. For example, the waveguide 
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deflection in an impedance transformer would be limited 
to a few thousandths of an inch to prevent power leak- 
age past the shorts and the stress in the guide walls 
would, consequently, be very small. On the other hand, 
a piece of interconnecting waveguide might be permit- 
ted to deflect to 5 per cent or more over its original di- 
mensions, in which case the yield stress could well be- 
come the limiting factor. In passing, it should be noted 
that it is seldom necessary to calculate the change in the 
broad dimension as this will be less than one-quarter of 
the narrow dimension change. 

Where pressures are involved that are in excess of the 
capacity of the standard waveguide under question, a 
number of strengthening procedures can be employed. 
Most of the reinforcement methods can be expressed as 
an increase of the average wall thickness or section 
modulus, thus making possible the use of (1)—(4) to 
determine the required increase in section. Simplified 
formulas (5)—(7) can also be employed for many such 
cases by recalling that pressure-carrying capacity varies 
directly as the square of wall thickness and that deflec- 
tion varies inversely as the cube of wall thickness. 

Perhaps the most common means of strengthening 
waveguide is the addition of brazed, welded, or bolted 
braces, the design of which at minimum weight and cost 
involves considerable ingenuity. A second method is 
that of simply increasing the over-all waveguide wall 
thickness, utilizing such processes as precision cored 
sand casting or by welding plate together to form a 
waveguide; under such conditions, a useful but gen- 
erally overlooked weight advantage can be obtained by 
making the narrow wall thinner than the broad wall, 
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since, as noted in a previous paragraph, the change of 
the broad dimension under pressure is less than one-quar- 
ter that of the narrow dimension change. It is also possi- 
ble to construct waveguide that is both stronger and 
lighter than standard guide. Successful means of accom- 
plishing this end are 1) reinforced plastic guide coated 
with conductive metallic resin, and 2) awaveguide wall 
construction composed of two thin sheets of aluminum 
sandwiched over an aluminum honeycomb core. This 
latter method has resulted in construction of L-band 
honeycomb waveguide weighing 60 per cent of standard 
aluminum guide and increasing strength by a factor of 
four; it also appears likely that if the weight of the 
honeycomb guide is made equal to standard waveguide, 
the strength ratio would be approximately twenty to 
one. Both the reinforced plastic and honeycomb wave- 
guide have been built and the former has already been 
utilized in radar systems by the Microwave Electronics 
Division of the Sperry Gyroscope Company. 

It is apparent that the wall thicknesses of standard 
waveguide were not established with regard to pressure 
carrying capacity. As shown in the last column of Table 
II, a wide variation exists in this respect for the different 
waveguide sizes. Specially drawn material is available! 
to carry high pressure in large size guide. It would seem 
worthwhile to carry this approach a step further and 
provide reduced wall thicknesses in the smaller sizes to 
obtain lighter weight, particularly for airborne applica- 
tions wherein pressures are not too great. With reason- 
ing of this type as a basis, it appears that an investiga- 
tion of a revised standardization for waveguide wall 
thicknesses would be justified. 


The Calibration of Microwave Attenuators 


by an Absolute Method* 


ELIZABETH LAVERICKT 


Summary—A bridge method by means of which microwave at- 
tenuators can be calibrated absolutely is described, with a considera- 
tion of the main possible sources of error. A bridge was set up at 
\o=3.2 cm to test the principle of the method. It was shown that, 
using nonspecialized equipment, a high degree of accuracy was 
obtainable. An attenuator was calibrated over a range of 20 db, 
with an accuracy of the order of +0.02 db. This accuracy is within 
the accuracy of other methods of calibration in current use, and 
there seems no reason why, with suitable precautions, the order of 
accuracy should not be improved still further, if required. 


* Manuscript received by the PGMTT, March 26, 1957; revised 
manuscript received, June 26, 1957. 

{ Microwave Division, Elliott Brothers (London) Ltd., Bore- 
hamwood, Herts., Eng. 


INTRODUCTION 
Pas MAIN method in current use of calibrating 


microwave attenuators involves calibration in 
terms of a standard attenuator, usually the piston 
attenuator,!~* whose law of attenuation is accurately 


1C. G. Montgomery (ed.), “Technique of Microwave Measure- 
ments,” M.I.T. Rad. Lab. Ser. No. 11, McGraw-Hill Book Co., Inc., 
New York, N. Y., Ch. 11 and 13; 1947. 

°L. G. H. Huxley, “A Survey of the Principles and Practice of 
Waveguides,” Cambridge University Press, Cambridge, Eng., pp. 
57-61; 1947. 

’G. F. Gainsborough, “A method of calibrating standard signal 
generators and radio-frequency attenuators,” J. IEE, pt. III, vol. 94, 
pp. 203-210; May, 1947. 
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calculable. As the frequency band is extended, manu- 
facturing tolerances on the standard attenuator become 
tighter and the accuracy of the standard decreases rap- 
idly. To overcome this, the usual technique is to com- 
pare the microwave attenuator with a standard attenu- 
ator which is operating at an intermediate frequency. 
By this means, the accuracy of that standard is main- 
tained, and calibrations correct to +0.02 db are ob- 
tained. However, the auxiliary electronic equipment 
required is extensive and complex, and the method is 
neither direct nor absolute. 

The following text describes a method whereby micro- 
wave attenuators may be calibrated absolutely and di- 
rectly, at the frequency of operation. The accuracy ob- 
tainable is at least comparable with that of the standard 
attenuators in current use, and the method has the ad- 
vantages that it is comparatively simple, and uses 
microwave and electronic apparatus which is generally 
available in most microwave laboratories. 


METHOD OF CALIBRATION 


The circuit consists essentially of a three-arm wave- 
guide bridge or network as shown in Fig. 1, fed by a 
single oscillator. The bridge output is fed to a detector. 
Arm S contains the attenuator to be calibrated (X), a 
level-setting attenuator (L), and a phase shifter. Arm P 
contains a variable uncalibrated attenuator and a 
phase shifter. Arm Q contains a fixed attenuator such 
that it permits a signal of some suitable amplitude a and 
arbitrary phase to appear at the detector. Arms P and Q 
also contain waveguide switches. The procedure for 
calibration is as follows: 


1) With arm P out of circuit and the unknown at- 
tenuator X at maximum attenuation, the level- 
setting attenuator L and phase shifter in arm S 
are adjusted for zero reading at the detector. When 
this occurs, the signal at the detector from arm S 
must be equal in amplitude and of opposite phase 
to that from arm Q; 12.e., the signal from S is —a. 

2) With arm Q switched out and arm P switched in, 
the attenuator and phase shifter in arm P are ad- 
justed for zero reading at the detector, the signal 
from P being +a. 

3) With all three arms switched in, we have +2a 
from P and Q and —a from S. To obtain zero out- 
put, the unknown attenuator X in arm S must be 
adjusted to give —2a at the detector; 7.e., four 
times the original power. X is consequently 
changed by —6.02 db. Unless the attenuator in 
arm SS is phase shiftless it will be necessary to read- 
just the phase shifter in arm S for zero output. Re- 
peating steps 2 and 3, S is repeatedly adjusted to 
give amplitudes —3a, —4a, -- -, —na, the corre- 
sponding attenuation steps being —3.52 db, —2.50 
db, etc. 


The magnitude of the fixed attenuator and the num- 
ber of steps (7—1) are chosen according to the range of 
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PTO DETECTOR 


Fig. 1—Bridge network for the absolute calibra- 
tion of attenuators. 


attenuation over which calibration is required. For 
example, if it is required to cover a range of 20 db, 9 
steps are used (w=10) and the fixed attenuator is 
chosen to be slightly greater than 20 db. It is not nec- 
essary, however, to know the exact magnitude of the 
fixed attenuator. 

It will be observed that the calibration is carried out 
in a direction of increasing amplitude or decreasing at- 
tenuation; 7.e., the starting point of the calibration is at 
the maximum attenuation end of the range, whereas it is 
usually required to calibrate an attenuator from the 
“zero” Or minimum attenuation point. For instance, in 
the example quoted above, at the tenth step the attenu- 
ator is adjusted to —20 db with respect to the starting 
point. In general, however, X will not then be exactly 
at the “zero.” In order to adjust for this, the attenuator 
is set at the “zero” and the balance condition reobtained 
by adjusting the level-setting attenuator in arm S. The 
calibrating procedure is then completely repeated, step 
1 giving the point 20 db up on the zero and step 9 giv- 
ing “zero,” or minimum attenuation. 


APPARATUS 
The Microwave System 


The microwave bridge is shown in Fig. 2. The power 
is divided in a known ratio between the three arms of 
the bridge network by means of two hybrid-7 junctions. 
Arm S contains a level-setting attenuator, a phase 
shifter, and the attenuator to be calibrated, X; Arm Q 
contains a switch (consisting of a highly attenuating 
vane which can be switched in or out of the waveguide 
as required) and the fixed attenuator; and Arm P con- 
tains a switch, phase shifter, and variable attenuator. 
The signals from the three arms are recombined by 
means of two further hybrid 7’s, and the bridge output 
taken to some form of detector. 


The Detecting System 


The source (a reflex-klystron) is square-wave modu- 
lated at 1 kc. In order to achieve the necessary sensitiv- 
ity, a superheterodyne detecting system is employed 
and to this end a hybrid-T balanced mixer with reverse 
polarity crystals is used. The square-wave modulated 
IF signal from the mixer is amplified and passed to an 
audio-frequency amplifier, the output from which is 
indicated by a meter. 
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Fig. 2—Circuit for studying the effects of multiple reflections 
within the bridge network. 


SWITCH 


BLOCK P: O-—— ao 


SOURCES OF ERROR 
Multiple Reflections Within the Bridge Network 


Because of multiple reflections, cross coupling will 
occur |between the arms of the bridge network and this 
will result in an error of measurement. An estimate of 
the magnitude of this error can be made from a knowl- 
edge of the reflection and transmission coefficients of 
the bridge arms. For example, it can be shown that fora 
calibration over a 20-db range the total error 6 is given 


by 
IN 
+4) 4, 
10 


where, in terms of the moduli of the scattering coeffi- 
cients, 


6 = 20 log ( 


A < 10Asii(m11 + mz) + 10AS22(m12 + me) 


M22 + 3mi2 


[45 (qu + qu?) + 9(pu + pu?)] 


M+ 3miz 


[45(go2 + 22”) + 9(po2 + pr) ]. (1) 


In this equation 


m=hybrid T’s, 

S Sail, 

g=arm Qin circuit, 

g? =arm Q when switched out of circuit, 

p=arm P in circuit, 

p*=arm P when switched out of circuit (see Fig. 2), 

Asy and Asx. =change in Sy, and S22, respectively, dur- 
ing the measurement procedure. 


This result is based on the following assumptions: 
1) Equal power-split in the hybrid T’s. 
2) Reflections are small, therefore terms involving 
more than two reflections can be neglected. 
3) The attenuation in each of the three arms in always 
such that terms in P19, qio®, siz? can be neglected. 
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Fig. 3—Block S in Fig. 2. Circuit for studying the effects of multiple 


reflections within the arm of the bridge network containing the 
unknown attenuator, X. 


4) Measurements are made only when the bridge is 
balanced, and effectively zero signal is incident on 
the detector. Under these circumstances the mis- 
match of the detector can be neglected. 

5) Since s, p, and p* vary during the course of the 
calibration, maximum values have been assumed 
in order to estimate the maximum possible error. 


By placing suitable attenuating pads at both ends of 
each arm, and thereby reducing the effect of reflections, 
the error in calibration can be decreased accordingly. 

It is clear from the form of (1) that this error increases 
with the range of attenuation. 


Multiple Reflections Within the Arm of the Bridge Net- 
work Containing the Unknown Attenuator X 


It is essential that multiple reflections within the arm 
of the bridge network containing the attenuator under 
test should be kept to within certain limits depending on 
the accuracy required.* This is achieved by placing at- 
tenuating pads on both sides of the attenuator under 
test, which is the normal condition of operation for any 
attenuator when high accuracy is required. 

It can be shown that the error in calibration arising 
from multiple reflections within the arm containing the 
attenuator is given by 


6, in db where 


10+ A 
5 = 20 log ( ) 


Piss 2fe2Xi1 + 2di1X0e2 + 2ferdiX iw, and (2) 


X, f and d are moduli of the scattering coefficients. 
X refers to the attenuator under test, and f and d refer 
to the match on either side of the attenuator under test 
(see Fig. 2 and Fig. 3). 


Leakage through Switches 


A third source of error arises from the finite trans- 
mission coefficient of the open-circuited bridge arms. In 
the case of a 20-db calibration range it can be shown that 
the error arising from this is 


10+ A 
5 = 20 log ( ) db 
10 
where 
5,7 
jE = 1806,7 (3) 
qi2 


4R. W. Beatty, “Mismatch errors in the measurement of y.h-.f. 
and microwave variable attenuators,” J. Res. NBS, vol. 52, pp. 7-9; 
January, 1954. 
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and 6,7 =modulus of transmission coefficient through the 
switch in arm Q (see Fig. 2). 

It is assumed above that the switches in arms P and 
Q are identical. 


EXPERIMENTAL RESULTS 


In order to test this method of calibrating attenuators, 
a bridge was set up at a wavelength of 3.2 cm, and a 
rotary attenuator was calibrated over a 20-db range. A 
detailed circuit of the bridge network is shown in Fig 4. 


Performance of the Individual Components of the Bridge 
Network Hybrid T’s 


At Xo =3.2 cm the moduli of the scattering coefficients 
are as follows: 


| mi1| = 0.033 
| mo2| = 0.028 
| mi2| = 0.040. 


Attenuators 


Rotary attenuators were used as the fixed and vari- 
able attenuators in arms P and Q. Their reflection coeffi- 
cients were <0.05. The level-setting attenuator ZL, in 
arm S, was of the guillotine type using a resistive vane. 
Its reflection coefficient was <0.02. 


Switches 


Each switch consisted of a length of waveguide into 
which a highly attenuating vane could be inserted 
through a slot in the broad face. The mechanism was 
completely shielded to eliminate radiation. The switches 
had a reflection coefficient of 0.026 and a transmission 
coefficient <0.0001 with the vane fully in; and effec- 
tively zero refiection coefficient and unity transmission 
coefficient with the vane fully out. 


Phase Shifters 


The coarse phase shifters which were used to roughly 
equalize the path lengths of the bridge arms were of the 
“trombone” type having a reflection coefficient of 0.06, 
which is constant with change of phase. The fine phase 
shifters, used to obtain the final phase balance, were 
shielded slotted squeeze sections with a reflection coeff- 
cient of 0.006. 


Attenuating Pads 

The attenuating pads used to minimize the effects of 
multiple reflections were made up of tapered resistive 
vanes, of reflection coefficient <0.005. 


Estimate of Padding Necessary to Attain Required Ac- 
curacy. Multiple Reflections Within the Bridge Network 


Referring to (1) and Fig. 2, and substituting the prac- 
tical values given above for the various components, 


Attenuators by an Absolute Method 


253 


PHASE - SHIFTER 
COARSE FINE 
iTdb LEVEL- SETTING 
PAD ATTENUATOR 


4Tdb SWITCH FIXED 
ATTENUATOR 


ARM Q 


PHASE -SHIFTER 
COARSE 


VARIABLE 
ATTENUATOR 1795 


PAD 


{746 switcy 
PAOD 5 
Fig. 4—Detailed circuit of the bridge network. 


Asog = Asi. < 2511; < 2(0.02 + 0.066 + 0.05) = 0.272 
gu = 0.052 gaz = 0.052 
gu” = 0.026 J22” = 0.052 
assuming 20 db in the fixed attenuator; 7.e¢., gi. =0.1. 
pir = (0.066 + 0.05) = 0.116 
pi” = 0.026 
po = (0.05 + 0.001) = 0.051 
p22” = (0.05 + 0.001) = 0.051; 
* A < 2 72(0.033 + 0.08 + 0.028) 
+ 0.074(3.51 + 1.278) 
+ 0.077(4 68 + 0.918) 
= 1.169. 


Using 17-db pads at both ends of P, Q, and S, A is re- 
duced to <0.025, or the error over 20 db is <0.021. 


Multiple Reflections Within the Arm Containing the Un- 
known Attenuator X 


Referring to (2) and Fig. 2 and Fig. 3, it can be seen 
that 


feo = 0.062 + 0.02 + 0.033 = 0,115 
dy, = 0.028 
Xn = X22 = 005; 
“ A < (0.23 X 0.05) + (0.056 X 0.05) + (0.23 & 0.028) 
= 0.021 or 6 < 0.02 db. 


In practice a 17-db pad is inserted between the un- 
known attenuator X and the hybrid 7, as a result of the 
consideration of multiple reflections in the bridge net- 
work. By inserting a 10-db pad between X and the phase 
shifters, the error calculated above is reduced to a negli- 
gible amount. 


Leakage through Switches 
Referring to (3) and substituting 6,7 =0.0001, 
A < 0.018 
and 


6 < 0.009 db. 
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Result of Calibration 


It is reasonable to suppose, on the basis of the above 
estimates, that the calibration of the rotary attenuator 
by this method should be accurate to +0.02 db over a 
20-db range, the accuracy being greatest over the first 
part of the range. 

The results obtained are shown in Fig. 5, where the 
error or deviation in db is plotted for various settings 
of the rotary attenuator, which is in itself an absolute 
instrument. For comparison, the same attenuator was 
calibrated against an IF piston attenuator, the results 
being shown in the same illustration. The deviations 
are, in both cases, of the order expected. 


CONCLUSION 


The method described above for the absolute calibra- 
tion of microwave attenuators has been tested experi- 
mentally at a wavelength of 3.2 cm. Estimates were 
made of the padding required to attain an accuracy of 
the order of +0.02 db over a 20-db range. It was shown 
that the results obtained are accurate to within the de- 
sign limits of the apparatus, and to within the accuracy 
of other methods in current use. By further reducing the 
effects of multiple reflections in the microwave circuit 
it should be possible to attain even greater accuracy, if 
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Fig. 5—Deviations of attenuation from rotary attenuator reading 
using the bridge method and IF comparison method of calibra- 
tion. The rotary attenuator is an absolute instrument. 


required. The method is insensitive to power fluctua- 
tions and used comparatively simple and readily avail- 
able microwave and electronic apparatus. 
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Pulse Waveform Degradation Due to Dispersion 


in Waveguide * 


ROBERT 5S. 


Summary—Phase velocity in a waveguide is a nonlinear function 
of frequency and thus causes dispersion of the spectral components 
in a pulse waveform. For most practical cases, it is a good assumption 
to consider the phase constant to be a quadratic function of fre- 
quency. An expression can then be derived for the exit waveform 
shape as a function of guide length, dispersion, and width of the 
input rectangular pulse. The derived expression is given in terms of 
tabulated error functions and Fresnel integrals. It is universal in form 
and applicable to a wide range of practical problems. A family of de- 
graded wave shapes has been computed from this expression and is 
presented graphically. The results apply for any mode in a straight 
waveguide of arbitrary but constant cross section. 

S 
has been pushed higher and higher, a run of 
waveguide whose physical length is Z has as- 


sumed an electrical length great enough to affect trans- 


INTRODUCTION 


THE usable range of microwave frequencies 


* Manuscript received by the PGMTT, April 4, 1957; revised 
manuscript received, June 14, 1957. The research reported in this 
paper was performed for the Allan B. DuMont Labs. under contract 
with the Naval Bur. of Aeronautics. 

+ RANTEC Corp., Calabasas, Calif. 
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mission of pulsed energy, even when loss is ignored. The 
reason for this lies in the frequency behavior of the phase 
constant. If B(w) is the phase constant, then 


2r  V/w? — w,? 


Ng v 


(1) 


Blw) = 


in which A, is the guide wavelength at the angular fre- 
quency w, and v= (ue)—!/?, with w and € the permeability 
and permittivity, respectively, of the medium filling the 
guide. Eq. (1) applies for any mode in a straight section 
of waveguide of any constant cross section. w, is the cut- 
off angular frequency of the particular mode being con- 
sidered. 

Eq. (1) can be expanded in a Taylor’s series about the 
angular frequency wo, giving 


1 0,” 


2 v4? 


B(oi=by Ee =a, Lh 


[wo — wo]? 
1 wow,’ 


Dm 098° 


[a — wol?#— --- 


(2) 
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nay 
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(b) 


Fig. 1—Rectangular pulse waveforms. 


It is apparent from (1) and (2) that B(w) is not a linear 
function of w. Thus, the Fourier components of a pulse 
traveling down the waveguide are dispersed, and the 
exit waveform is degraded. The amount of degradation 
depends on the Fourier composition of the pulse, the 
length LZ of the run of waveguide, and the rapidity of 
convergence of the series (2). This convergence depends 
ON Wo, We, and the bandwidth a» —w; <w <wo+a; needed 
to adequately represent the pulse. 

This problem of pulse degradation has received both 
theoretical and experimental attention in the literature, 
An interesting display of the effect of delay distortion 
on a rectangular pulse has been provided by the experi- 
mental equipment of Beck.!? A series of analytical 
papers*-® has considered the effect of dispersion on a 
Heaviside unit step function and on a Dirac function, 
in lossy as well as lossless waveguides. However, in all 
cases, the analysis was based on the exact relation (1). 
A precise expression for the exit waveform can be de- 
rived in this manner, but, unfortunately, the expression 
is unwieldy and not given in terms of tabulated func- 
tions. Thus, calculated waveshapes which can be com- 
pared to Beck’s observations have not been readily 
available. 

For most cases of practical interest, an approximation 
of (1) can be made which yields useful results in a 


1A. C. Beck, “Microwave testing with millimicrosecond pulses,” 
IRE Trans., vol. MTT-2, pp. 93-100; April, 1954. 

2A. C. Beck, “Measurement techniques for multimode wave- 
guides,” IRE Trans., vol. MTT-3, pp. 35-42; April, 1955. 

3M. Cotte, “Propagation d’une perturbation dans une guide 
electrique,” Ann. Télécommun., vol. 1, pp. 49-52; March-April, 1946. 

4M. Namiki and K. Horiuchi, “On the transient phenomena in 
the waveguide,” J. Phys. Soc. Japan, vol. 7, pp. 190-193; March- 
April, 1952. 

5 P. Poincelot, “Propagation of a signal along a waveguide,” 
Ann. Télécommun., vol. 9, pp. 315-317; November, 1954. 

6 M. Cotte, “Propagation of a pulse in a waveguide,” Ondé Elec., 
vol. 34, pp. 143-146; February, 1954. 


greatly simplified form. This approximation consists of 
taking only the first three terms of the expansion (2), 
thus treating B(w) as a quadratic function of w. An 
analysis can be based on this approximation, culminat- 
ing in an expression for the exit waveform containing 
only error functions and Fresnel integrals, for both of 
which adequate tables are available. Sample computa- 
tions yield a family of graphs of exit waveforms of vari- 
ous degrees of degradation. 


Analysis 


Let a microwave carrier signal at the angular fre- 
quency w» be modulated by a train of rectangular pulses 
of width T and separation r. [See Fig. 1(a).] In most 
practical applications t/T is so large that the Fourier 
series spectrum differs negligibly from the Fourier in- 
tegral spectrum found by considering only one pulse in 
the train. 

Thus, if 


e(t) = E(2) cos wot (3) 


is the waveform being injected into a run of waveguide, 
with E(t) given by Fig. 1(a), it is assumed that a satis- 
factory model results from saying that (3) is the wave- 
form being injected into the run of waveguide, with 
E(t) given instead by Fig. 1(b). Then 


E(t) =|) g(w)e? dw (4) 
and 
teh he 
Ry 00 > 
g(w) = tanec: (5) 
iv) 
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Substitution and symmetry considerations yield 


— cos (w + wo)t:- dw (6) 


as the Fourier equivalent of the input waveform (3). 
Referring to the discussion about phase constant ir 
the preceding section, it is assumed that 


B(w’) = Bo + A[w’ — wo] — Blo’ — wo]? (7) 
in which 


Wo 


vBo 


ib eye? 


B=— : 8 
2 iB! (8) 
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PO) = VIF}? + (FaO}? (11) 
Ay | 
with 
_ of 
e St = 
F(t) = il cos [wt + BLa*|dw (12) 
ea ol 
pe 
See. 
a cS) Oa 
F(t) = sin [wt + BLw?|dw. (13) 
ee a 
Zz 


If the trigonometric functions occurring in the inte- 
grands of (12) and (13) are replaced by their equivalent 
exponential forms, the Fourier transforms of (12) and 
(13) can be deduced with the repeated use of formula 
731.1 of Campbell and Foster.’ One concludes that 


rosy tet S| [SP Hd) | 


In a waveguide run of length Z, the Fourier com- 
ponent at angular frequency w’ is shifted in phase an 
amount BL. 

Assuming that the attenuation is frequency insensi- 
tive,’ the output waveform is proportional to 


oT 


sin —— 

1 = — f° —— [(o + wo)t — Bol 

( Bi if cos |[(w + wo 0 
2 


— Alw+ Blw?|dw. (9) 
From (9) it follows that 
ip 
f(t+ AL) = wees [wo(t + AL) — BoL] 
Tv 
Pods 
sin 
“ 2 
f —— cos [wt + BLw?]dw 
2a ol 
2 
fe 
— — sin [w(t + AL) — BoL] 
2a 
baht yo 
5 Sih === 
sin [wt + BLw?|dw. (10) 
=i (23) 
= 


The output modulation envelope is therefore given by 


7 This is obviously not true in the entire range — © <w’< oo. 
However in the restricted range w)—Q<w’<w.+Q needed to ade- 
quately represent the pulse, it is a reasonable assumption. 


Sloot tree) Lae 


with 
2t 
Aina Sooty 
a= VBL (16) 
and 
erf [z] = ae fice (17) 
TZ pv 
C[z| = (/—f cos udu (18) 
7 pe 
AY ra (/—f sin u2du. (19) 


Erf[z] is the error function and C[z], S[z] are the Fres- 
nel integrals. Adequate tables of the error function are 
available for all values of z of interest in this analysis. 
Tables of C[z], S[z] are available for 0<z<50. For 
z>50, the asymptotic expressions, due to Cauchy,® may 
be used. The first two terms are sufficient, giving 


ret al 
a E sams nal sin a . Qo) 


_ &G. A. Campbell and R. M. Foster, “Fourier Integrals for Prac- 
ol Applications,” D. Van Nostrand Co., Inc., New York, N. Y.; 

° A. L. Cauchy, “Asymptotic expansions for Fresnel integrals,” 
C.R. Acad. Sci., Paris, vol. 15, pp. 554, 573; 1842. See also, G. N. 
Watson, “Bessel Functions,” Cambridge University Press, Cam- 
bridge, Eng., 2nd ed., p. 545; 1952. 
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Fig. 2—Degraded waveforms. 


Output waveforms have been computed from (14) for 
the parameter values a=0, 0.032, 0.1, 0.32, 1.0. These 
are shown in Fig. 2 and comprise a universal family of 
degraded waveforms. For any particular application, one 
need only compute B from (8) and a from (16). A rough 
estimate of the output waveform can be obtained from 
Fig. 2 by examining the curve for the appropriate value 
of a. A more exact estimate can be obtained by inserting 
the precise value of a in (14) and computing F(¢) with 
the aid of the tables of error function and Fresnel inte- 
grals. 

A study of Fig. 2 reveals that the degradation in- 
creases with a. Thus, the narrower the pulse, the longer 
the waveguide run, the closer one operates to cutoff, the 
greater the pulse degradation. These are all reasonable 
results and (14) establishes the degree to which these 
factors have an influence. 


As an example, consider a K, band delay line consist- 
ing of circular waveguide 0.500 inch in outside diameter 
with a 0.032-inch wall, and carrying a TEo: mode. If the 
carrier frequency is 34,200 mc and the pulse width is 
0.125 usec, the round trip delay in a length of forty feet 
is only 0.3 usec, and the exit waveform is approximately 
Fig. 2(c). By increasing the length to four hundred feet, 
the delay can be raised to 3 usec, but the pulse is further 
degraded, being given approximately by Fig. 2(d). 


CONCLUSION 


By assuming that phase velocity in a waveguide is a 
quadratic function of frequency, it is possible to derive 
a compact formula for pulse degradation due to disper- 
sion. From the formula, a family of universal curves can 
be computed, showing the effect of guide length, pulse 
width, and dispersion on the pulse shape. 
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Broad-Band Quarter-Wave Plates* 


WESLEY P. AYREStT 


Summary—Analytical expressions are given for the propagation 
constant for the two orthogonal dominant modes in a square wave- 
guide loaded with a centered slab of dielectric. These are combined 
to find the differential phase shift in a loaded section. Solutions of 
these equations are given for polystyrene which enables one to de- 
sign broad-band quarter wave plates. The problem of transforming 
from unloaded to loaded guide is discussed and two solutions are 
given and another suggested. Experimental results are given and it 
is found that the work in square guide carries over to circular guide 
almost intact. It is shown that quarter-wave plates may easily be de- 
signed to cover a normal waveguide bandwidth. 


INTRODUCTION 


( : IRCULARLY-polarized waves are being used toa 
great extent to exploit the possibilities of micro- 
wave techniques. To convert the microwave 

energy from linear to circular polarization or vice versa, 

some form of quarter-wave plate is necessary. A quarter- 
wave plate creates a relative phase delay, or differential 
phase shift, of 90° between two spatially orthogonal 
modes. A detailed description of the operation and the 
uses of quarter-wave plates as well as some of the early 
work is described elsewhere.!’? Among the various forms 
there is good reason to believe that the dielectric slab 
in a waveguide is one of the more suitable constructions 
for broadbanding. The reasoning behind this belief 
comes from the nature of the dispersiveness of a wave- 
guide loaded as in Fig. 1 with a slab of dielectric. It will 
be seen later that the differential phase shift which is 
the difference in dispersiveness for the two orthogonal 
modes is not a monotonically increasing function of fre- 
quency as one might expect, but is actually a second or 
third-order curve in the frequency range of interest. 

Although a quarter-wave plate can always be con- 
structed by trial and error, this procedure gives a band- 
width which cannot be predicted in advance or be sys- 
tematically improved. Thus, a method of calculating 
the differential phase shift for two orthogonal linearly- 
polarized waves in a partially dielectric-loaded square 
waveguide is presented. The results for square wave- 
guide should carry over to circular waveguide quite 
well and this is verified experimentally. 

The normal modes of a rectangular waveguide, with 

a longitudinal slab of dielectric in it, are longitudinal 

section electric and magnetic modes, or for brevity LSE 

and LSM modes, respectively. A detailed mathematical 
treatment of these modes, starting with Maxwell’s 
equations and the boundary conditions, was carried out 

* Manuscript received by the PGMTT, May 6, 1957; revised 
manuscript received, June 25, 1957. Work performed at Sylvania’s 

Electronic Defense Laboratory, Mountain View, Calif., under Signal 

Corps contract No. DA 36-039-sc-31435. 

7 Microwave Eng. Labs., Inc., Palo Alto, Calif. 

1A. G. Fox, “An adjustable waveguide phase changer,” PRoc. 
IRE, vol. 35, pp. 1489-1498; December, 1947. 

2G. C. Southworth, “Principles and Applications of Waveguide 


Transmission,” D. Van Nostrand Co., Inc., New York, N. Y., p. 325; 
1950. 


DIELECTRIC 


(b) 


Fig. 1—(a) Dielectric loaded square waveguide; (b) top view of 
tapered quarter-wave plate. 


and follows the method of Pincherle.* The results of the 
mathematics for the two modes of interest in quarter- 
wave plate design are given. These are the modes that 
become TEy) and TEo: modes when the dielectric slab 
is reduced to zero thickness. Method of solution of the 
characteristic equations is graphical. Using these graph- 
ical solutions, design of quarter-wave plates and experi- 
mental results for one of the designs are discussed. 


THEORY 


For the purpose of constructing a quarter-wave plate, 
one is interested in the differential phase shift in wave- 


Ngt Ago 


where Z is the length of the plate and Agi, A,2 are the 
guide wavelengths for two orthogonal linear polariza- 
tions. This differential phase shift must be maintained 
at a constant value, 0.250; over a given frequency range. 
For this purpose, a dielectric loaded square waveguide, 
as shown in Fig. 1(a), propagating the two lowest modes 
is now considered. For each mode, one must solve an 
equation which is due to the boundary conditions at the 
dielectric-air interfaces to obtain a quantity which is 
called the transverse eigenvalue. This quantity can then 
be substituted into an equation relating the propagation 
constants, or, as written here, relating the various wave- 
lengths. For the LSE mode corresponding to the empty 


p= 


3 L. Pincherle, “Electromagnetic waves in metal tubes filled longi- 


tudinally with two dielectrics,” Phys. Rev., vol. 66, pp. 118-130; Sep- 
tember, 1944. 
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waveguide TE;) mode (£,=0), the boundary condition 
relation to be solved is! 


tan x; ctn /K2x,2 + C2 


= IK = (2) 
4 J/ Kx? + C 


where 


K=d/(a—d), 

C=7d(e—1)1/2/y, 

d=thickness of the dielectric, 

¢=relative dielectric constant of the slab, 

\ = free space wavelength, and 

x, = variable related to the transverse eigenvalue. 
The lengths have been normalized to the guide width a 
- to make the solutions easily adaptable to any waveguide 
size. The method of solution of (2) is graphical and, as one 
can see, there is an infinity of solutions due to the peri- 
odic functions involved. The solution for the desired 
mode is that for which | x1| is smallest. This result is 
then substituted into the propagation constant equation 


vy? = Vo" ar m1" (3) 
where 
1 =x,a/7(a—d) 
Vo =a/r 


vy, =a/, = phase shift per unit length in units of wave- 

lengths/guide widths. 

For the LSM mode corresponding to the empty wave- 
guide TEo:(£,=0) mode, the boundary condition rela- 
tion to be solved is 

1 Bev etl nese yes) pereed <: ee Wd 
Xo tan x2 = — a / Kx? + C? tan VW K2x + C2. (4) 
€ 
The method of solution is again graphical and, as before, 
the desired solution is that for which |«x2| is smallest. 
In solving (2) and (4) it must be kept in mind that x; 


and x2 may be either real or imaginary. The solution for 
x2 is then substituted into the propagation constant 


po? = vo? — no? — $ (5) 


in order to find v2. All quantities here are defined the 
same as for (2) and (3) except the subscripts are changed 
to 2. 

The relations given above are exact, no approxima- 
tions have been made. All of the numerical results to be 
described are for polystyrene, €=2.55, and were ob- 
tained by graphical means. The propagation constants 
were found to three or four significant figures to obtain 
their difference to three significant figures. The solutions 


4C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles 
of Microwave Circuits,” M.I.T. Rad. Lab. Ser., McGraw-Hill Book 
Co., Inc., vol. 8, pp. 386-387; 1948. Eq. (49), p. 387, appears to be a 
typographical error. It should have -ctn replaced by tan. As (49) is 
written together with (50) it would give the propagation constant for 
the next higher order LSE mode which is the one that evolves from 
the empty waveguide TEx mode as dielecrtic is introduced into the 
waveguide. The curves on p. 386 are essentially correct except for 
small irregularities which are not shown. These irregularities are not 
important for most work. However, they are extremely important 
for quarter-wave plate work where the small differences between 
these curves and another similar set are the differential phase shifts. 
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Fig. 2—Differential phase shift as a function of frequency for poly- 
styrene plates, «=2.55, of various thicknesses, d. 


of (3) and (5) are used to find the differential phase 
shift per unit length a 


ro) a VA SSO (6) 


The differential phase shift is found for a number of 
frequencies and plotted in Fig. 2 as a function of f/f,= 
2vo. Here f is the frequency parameter and f, is the cut- 
off frequency of the empty waveguide. From this infor- 
mation, quarter-wave plates may be designed. 

In actual practice one must match the ends of the 
plate to the empty waveguide. This is most easily done 
in a predictable manner by tapering the thickness d at 
both ends as shown in Fig. 1(b). In order to predict the 
effect of these tapers, many curves are needed for differ- 
ent plate thicknesses. A family of these are shown in 
Fig. 2 with d as a parameter. These are cross-plotted in 
Fig. 3 with d as the variable and f/f, as the parameter 
for the family. From Fig. 3 the effect of tapers can be 
estimated. These curves are integrated and the results 
plotted in Fig. 4 so that the effect of linear tapers up to 
any thickness d can be found immediately. In using 
these curves, the normalization of all quantities must be 
remembered and, in particular, it must be noticed that 
the differential phase shift is in units of 27 radians per 
unit width a of the waveguide. 


DESIGN OF QUARTER-WAVE PLATES 


To design a complete plate, the sum of the differential 
phase shifts due to the two tapers and the flat midsec- 
tion must add up to 0.250 over frequency band of inter- 
est. This is done by using Figs. 3 and 4 to pick a value 
of d that gives a reasonably flat differential phase shift 
for a combination of the tapers and flat midsection. 
Then the sum of the differential phase shifts are multi- 
plied by an appropriate constant to make the total shift 


P= 2L taper 6 ile Lmidsection-P = 0.250 + A® 


where A® is the error in wavelengths. The error A® in 
differential phase shift gives rise to elliptical polarization 
instead of circular when the plate is used. Axial voltage 
ratio defined as the ratio of the electric field along the 
major axis of the ellipse to that along the minor axis is 


A = tan (| A®| +3)r (7) 
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Fig, 3—Differential phase shift as a function of plate thickness for a 
polystyrene dielectric, «=2.55, for various frequencies. 
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Fig. 4—Differential phase shift fora tapered plate of polystyrene as 
a function of the final thickness d of the taper for various fre- 
quencies. 


and is plotted in Fig. 5. In practice the power going into 
the undesired circular polarization manifests itself as a 
transmission loss given by 


Piseethe = sin? rA®, (8) 


This loss is expressed as an insertion loss in decibels on 
the right-hand ordinate scale of Fig. 5. 

To illustrate the design procedure, an example will be 
carried out. Fig. 2 indicates that d/a=0.40 (curve 7) 
gives a frequency response for a flat slab of dielectric 
which is nearly constant with the differential phase shift 
dropping slightly at higher frequencies. This is a good 
choice since Fig. 4 shows that the differential phase shift 
for tapered slabs of dielectric increases with increasing 
frequency for all thicknesses for f/f, between 1.2 and 2.0. 
Choosing several values of Z;/L2, the ratio of the flat 
length to the tapered length, and using d/a=0.40, the 
following results are obtained for the usual bandwidth 


1.2<f/fe<2.0. 
Ty is I» = 4, Ly = 0.874a, 


Ab = + 0.003. 


Lz = 0.2194, 


Loss due to incorrect circular polarization <0.0005 


db. 
L1/Lz — 0, IES, = 0, 


Ad = + 0.024. 


Lz = 0.7314, 


Loss due to incorrect circular polarization <0.025 db. 
A practical aspect of the problem now arises; namely, 
the reflections from the ends of the dielectric. For the 
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Fig. 5—Axial ratio of output from quarter-wave plate and insertion 
loss due to incorrect circular polarization as a function of the error 
in differential phase shift. 


case of L;/L.=4, L2 is so small that the tapers present 
an angle of almost 45° to the incident wave and will pro- 
duce so much reflection that the device would be useless 
as a quarter-wave plate. On the other hand, the taper 
angle for Z;=0 is about 15° and the loss due to the in- 
correct circular polarization is still very small. Thus, 
from a practical standpoint, the choice L;=0 would be 
much better than L/L; =4 for this thickness. A quarter- 
wave plate was made with £,=0, and the results will 
be discussed later. 

In light of the reflection problem, perhaps it is better 
to choose a smaller value of d. Taking d/a=0.2, Li1=0 
then L,=1.042a, A®= +0.031, and loss due to incorrect 
circular polarization <0.04 db. Taper angle for this is 
about 53° which should produce negligible reflections. 


EXPERIMENTAL RESULTS 


A quarter-wave plate was built of polystyrene, € = 2.55 
with d/a=0.40 and L; =0 to cover the range 1.0<f/f.< 
2.0. The theoretical prediction and the experimental re- 
sults are shown in Fig. 6 for comparison. The experi- 
mental points were found by measuring the phase of the 
two orthogonal waves separately and subtracting them 
to obtain the differential phase shift. The experimental 
points represent a frequency range of 7.6 to 12.5 kmce. 
The only substantial disagreement with the theoretical 
curve is seen to be at the extremes of the curve. At these 
points the frequency is outside the recommended operat- 
ing range of the waveguide components used. The de- 
parture of the remaining points from the theoretical 
curve may be attributed to internal reflections in the 
quarter-wave plate. These are not calculable by any 
simple analysis, but do not seem to be too bothersome 
for the tapers used. 

In using such a plate, it must be made certain that 
equal incident amplitudes are obtained in each of the two 
orthogonal directions. First, the plate must be oriented 
at exactly 45° to the polarization of the incident linearly- 
polarized wave. Then, the reflections from one of the 
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Fig. 6—Theoretical curve and experimental points for a polystyrene 
taper 1.553 guide widths long and 0.40 guide width thick at its 
thickest point. 


two orthogonal directions of polarization must not be 
stronger than from the other. Effectively this destroys 
the condition of equal amplitude through the plate for 
the two polarizations. In measurements on circularity 
of the transmitted wave, this effect has been very con- 
fusing at times. In general, the only solution to this 
problem is to make the tapers gradual enough so that 
these reflections are not detrimental to the operation 
of the quarter-wave plate. From this standpoint, a better 
practical solution may well be the design given at the 
end of the last section for which the taper angle is only 
53° and the loss is less than 0.04 db. The same problems 
can be caused also by dielectric loss. However, poly- 
styrene does not have enough loss to be significant in 
this regard. A quarter-wave plate designed for square 
waveguide was experimentally checked in square guide 
and then rechecked in a circular guide of diameter just 
slightly larger than the width of the square guide. Its 
performance in circular guide over the frequency band 
8.0 to 12.5 kmc was slightly better than in square guide. 
This confirmed the opinion that there should be very 
little difference between the performance of a quarter- 
wave plate in square guide and in circular guide. 

Another design which departs from the tapers and 
uses step transitions is shown in Fig. 7. The transformers 
on each end were arrived at by considering the match 
for the TE,o mode only since this mode is much more 
perturbed by the dielectric plate than the TEs: mode. 
The impedances of the steps were calculated on a power- 
voltage basis by considering the wave guide to be filled 
with some effective dielectric constant. The effective 
dielectric constant is found from the relation 


Ao = Aleets — (A/2a)?]-¥?, 
and used in the power-voltage impedance equation 
Zp» = 2(Zo/Veets)bAg/ aA 
which gives the impedance relation that was used, 
Zp» = 2Za(do/d)*[1 + (Ao/20)?]-*? 


where the guide wavelengths were found from existing 
curves.‘ The appropriate quarter wavelengths were also 
found from these curves. It is seen in Fig. 7 that this 
quarter-wave plate turned out quite well having an axial 
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Fig. 7—Top view of step tapered polystyrene quarter-wave plate. 
VSWR and axial ratio of output circular polarization are given as 
functions of frequency. Waveguide was circular with an inside 
diameter of 3.125 inches. 


ratio under 2 db and a vswr under 1.2 to 1 over S band. 
A study that will facilitate the design of step transitions 
is now being carried out by the author and others. A 
study that should be undertaken is that of the differ- 
ential phase shift for the two orthogonal modes for a di- 
electric plate that is tapered in the opposite plane to the 
taper of Fig. 1(b). For the same taper length this type of 
taper gives much smaller reflections than the tapers 
described here. Unfortunately, calculations for this taper 
seem impractical to carry out. Furthermore, this taper 
will not carry high peak powers since, unlike the previ- 
ous two tapers described, it has a region where a small 
air gap separates the dielectric and the waveguide. From 
experience, these small air gaps break down quite easily. 


CONCLUSION 


By using slabs of dielectric in a square waveguide, 
quarter-wave plates may be built to operate over a wide 
frequency band. It is shown theoretically that they can 
be made to operate over a 2 to 1 frequency band and 
there is no reason that this could not be expanded con- 
siderably. In practice, one has to consider the higher 
order modes that this plate would generate over such 
bandwidths. Experimentally, quarter-wave plates were 
made to operate over a standard waveguide bandwidth. 

Complete design information is given for quarter- 
wave plates made of polystyrene. The matching problem 
is solved by tapering the ends for which calculations are 
given. The experimental results closely follow the cal- 
culated values. Experimental results also show that the 
quarter-wave plate action is very closely the same in 
circular as in square waveguide. 
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Coherent Spontaneous Microwave Emission by Pulsed 


Resonance Excitation* 
L. E. NORTONt 


Summary—This paper describes an investigation of the coherent 
microwave emission from pulse-excited ammonia molecules. Co- 
herent and periodic pulses of near resonance frequency and 1-ysec 
duration excited the gas from its initial thermal equilibrium condi- 
tion. Self-induced coherent emission (molecular ringing) continued 
after the excitation field was removed. This radiation was observed 
during a period of 10 ywsec. In an actual experiment performed, a 
new Doppler bandwidth reduction method was used in the gas cell. 
The observed spectral width of the ammonia 7,7 line was about 5 
kc. The emission was used to stabilize the excitation signal source to 
a short-term frequency stability of 2x10. 


cerned with an investigation of anew way to re- 
reduce the Doppler contribution to total micro- 
wave spectral line bandwidth.! The basic concept on 
which the Doppler reduction aspect hinged was due toa 
proposal by Dicke. In one of the Doppler reduction ex- 
periments which were performed, the signal was ob- 
tained as a small, nonsustained self-induced coherent 
microwave emission (frequently termed spontaneous co- 
herent emission, or molecular ringing) from the am- 
monia gas. This emission was induced by coherently 
pulsed resonance excitation of the gas molecules. In view 
of the present interest in spontaneous emission and its 
relation to molecular and atomic oscillators and ampli- 
fiers, it appears desirable to describe these early experi- 
ments and results which have not hitherto been pub- 
lished. The difference between the described resonance- 
radiation excited nonthermal equilibrium condition and 
the beam deflection state separation utilized by Townes 
and Gordon? in the now well-known Maser is quite ap- 
parent. A different but related system has also been re- 
ported by Hahn,? and Hahn and Maxwell,* who used 
pulse-induced spin flipping in their pulse echo work. 
While this paper was in final stages of preparation still 
another publication,® with a vastly different point of 
view, made its appearance. 
One of the experimental arrangements is shown in 
Fig. 1. The Doppler bandwidth reduction details! are 
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Fig. 1—Block diagram of simplified system for obtaining envelope 
and dispersion of spectral lines by spontaneous coherent emis- 
sion. 


omitted in this figure. Detailed operation of Fig. 1 is 
described later. For the moment, the important detail 
is that one of the repetitively pulsed sidebands provided 
microwave resonance excitation for the two quantum 
levels involved. Additionally, the excitation frequency 
was swept slowly and cyclically to record either the en- 
velope or the dispersion of the line. 

The basic operation of Fig. 1 is shown in Fig. 2. The 
primary excitation field Ep was applied at t=0 and re- 
moved att=to. The receiver was actuated from ¢=fp to 
t=t, so that the signal, emitted from the ringing mole- 
cules, could be obtained during this interval. The exci- 
tation was applied again and the receiver disabled at 
t=t, to initiate a new cycle. Solutions to this problem are 
contained implicitly in a paper by Dicke® and more spe- 
cifically in a forthcoming theoretical paper by Bloom.’ 
However, for the microwave region of the spectrum, and 
under experimental conditions which permit omission 
of all collision effects, it is possible to go directly, and 
with good approximation, to expressions for self-induced 
coherent emission after removal of primary drive. 

A particle with unperturbed normal Hamiltonian Ho 
is subjected suddenly to an excitation field which adds 
perturbation energy 


V(x, t) = — eEpx sin wt. (1) 


The electric excitation field Ep is at frequency w and its 
electric vector is directed along x. 

Considering only two nondegenerate states at energy 
levels Wi, W2, the time-dependent probability ampli- 
tudes may be put in the form 


6 R. H. Dicke, Phys. Rev., vol. 93, pp. 99-110; January 1, 1954. 
7S. Bloom, J. Appl. Phys., vol. 27, pp. 785- 788: July, 1956. 
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Fig. 2—Time applicstion of coherently pulsed excitation to molecu- 
lar system, and received spontaneous coherent emission. Ep is 
primary drive field, and E is time dependent spontaneous coher- 
ent emission field with initial value H):dE/dt does not change 
sign in the particular illustration plotted. 


1d; = — sin wt 
(2) 


— sin wi 


I 


(pirdi + Pizare*o! 
1d2 (Pis*ayeo! + it 
where 

pis = Epuis/h, 


The probabilities of state occupancy under initial 
therma! equilibrium conditions (before application of 
excitation) for fwo/kT <1, are 


Ni(0)/N = 1/2+ eee 
N2(0)/N = 1/2 — hoo/4kT 


and oo = (We = W,)h. 


(3) 


where NV,(0), N2(0) are the thermal equilibrium numbers 
of particles in states 1 and 2 ina system of WN particles. 

First, consider the case where, to the time scale of in- 
terest, particle density is chosen sufficiently small and 
particle container dimensions sufficiently large so that 
collision processes are relatively unimportant. Upon 
application of resonance excitation at frequency w=wo 
at time {=0, neglecting incoherent spontaneous drop- 
downs in this microwave region of the spectrum, from 
(3) and a solution of (2), the probability of occupancy of 
the upper state after ¢=0 is 


N2(t)/N = 1/2 — heo/4kT-cos [(uED/h)t] (4) 


where p is the effective dipole moment for the transition 
involved. 

The power input to the system of NV particles just be- 
fore excitation shutoff at f= fo is 


Pin = hoN -d/dt|N2(t)/N] 
moy2uEpN /4kT -sin [(uEp/i)to]. (5) 


Similarly, the initial power emission from the system 
just after excitation removal at f=t is 


Po = hoo?uEyN/4kT- sin [(uED/hi)to| (6) 


where £5 is the field initially emitted. 
The value of Hy may be obtained by noting that, 
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after excitation shutoff, Zo is the field in the transmis- 
sion path containing the particles undergoing transi- 
tions. Hence, neglecting any field dependence as a func- 
tion of position in the transmission path, 


cEyA/4r = huwo’uEyN/4kT -sin |[(uEp/i)to| 
and 
Eo = thw uN /ckT A-sin [(uEp/h)to] (7) 


where A is the cross sectional area of the transmission 
path containing the molecules. 

Finally, from (6) and (7), the initial coherent power 
radiated by the particles at excitation shut-off is 


Po = 1(hey?u/2kT)?-N2/cA-sin? [(uEp/h)to]. (8) 
Excitation periods given by 
BED/it: to = (2n + 1)1/2 (9) 


provide state saturation conditions (equality of state 
populations) and produce maximum initial coherent 
emission; those given by 


MED/h-to = (2n + 1)2 (10) 


define “inverted” states in which the sense of population 
inequality is appropriate for a negative interpretation 
of JT in the Boltzmann factor exponential. 

Under conditions where collision processes may be 
neglected, the same simple model may be used to evalu- 
ate with good accuracy the change of coherent emission 
P with time from its initial value Po. During primary 
excitation, transitions are induced by drive of constant 
amplitude; after removal of primary drive the situation 
is similar except that the self-induced driving field in- 
tensity changes with time. In practical cases the change 
is very slow on the time scale of interest, for the follow- 
ing interrelated reasons: 

1) Available coherently pulsed microwave driving 

ing power is small. 

2) To keep the effect of competing collision processes 
small, especially for electric dipole transitions, 
pressures must be low; even so, corresponding 
reasonable drive intervals are of the order of a 
microsecond, with following observation intervals 
about ten times longer. 

3) Since coherent emission intensity after primary 
excitation removal goes as N?, increase in A is de- 
sirable but this in turn reduces the field due to the 
small driving power. Without accompanying in- 
crease in the excitation power, the improvement 
factor is only slightly greater than unity. 

4) At microwave frequencies hw )/kT <1. Under these 
circumstances, the ratio of self-induced driving 
field to primary field is ordinarily very small. Asa 
result, intensity changes in the self-induced driv- 
ing field daring the limited observation period 
(usually 10~* seconds, or less) are very small. For 
this case, from (6) and by extending (6) to time 
after primary drive removal, we write immediately 


P/Py = (E/E)? 
- E/Ey sin [(uEp/h-lo) — pE/h-t|/sin |(uEp/h)to] 
or 


E/Ey = sin (a — E/Eo:mEo/it-t)/sin @ (11) 
where a=uEp/h-ty, E is the self-emissive field after 
t=to, and P is the corresponding power. 

Because /o/Ep is so small, the departure and event- 
ual decay with time of E from £o, in any reasonable ex- 
perimental circumstances, inevitably requires a much 
longer time than the primary excitation interval. Hence, 
eventually other competing processes (collisions, for 
example), which are not a part of this simple model, 
must be taken into account. The same slow decay also 
indicates that when the next coherent pulse is applied at 
t=, there may still be appreciable energy storage in 
the particles. Results, taking into account thermal col- 
lisions, are included in the solution of Bloom.’ In general, 
the effect of thermal collisions is to superpose an expo- 
nential time decay on the coherent emission. 

Since reduction of Doppler contribution to spectral 
line bandwidth was the objective of the experiment as 
performed, the spectral envelopes and dispersion char- 
acteristics were displayed as functions of slowly varying 
excitation frequency near resonance. Hence, the time 
decay characteristics of the initial spontaneous coherent 
emission (Po, /o) were never observed directly. 

However, the foregoing results are still directly ap- 
plicable to the slowly-varying excitation frequency 
case. Specifically, when the excitation and resonance 
frequencies are identical, the initial coherent emissive 
power is Po. The situation for small departures from the 
resonance frequency is interpreted as follows. The prod- 
uct terms e—°* sin wf, and similarly e*°! sin wt, appear 
in the probability amplitude espressions of (2). Expan- 
sion of the product terms lead to sum and difference 
frequencies (w+wo) and (w—w»). Upon integration, the 
corresponding terms are sin (w+wo)t-1/(w+wo) and sin 
(w—wo)t-1/(w—wo). The sum frequency term may be 
neglected since it has little influence on the magnitudes 
of the time dependent probability amplitudes. The dif- 
ference term sin (w—a )t-1/(w—wo) in the probability 
amplitudes produces maxima at resonance, w =a. 

Typical experimental recordings show that the results 
predicted by the foregoing, indeed, do have physical real- 
ity. The dispersion characteristic of the NH; 7,7 line as 
a function of slowly varying excitation frequency is 
shown in Fig. 3. Itwas obtained as a spontaneous coher- 
ent emission in the periods t=¢) to t=t, by the use of the 
coherently pulsed resonance excitation system of Fig. 1. 
The corresponding envelope appears in Fig. 4. Time in- 
tervals £=0 tot=fo, and t=¢, to¢=#, in Fig. 2 were 10-8 
and 10° seconds, respectively, in the experiment as per- 
formed. The Doppler reduction system was designed for 
a spectral line bandwidth of 5 ke and was achieved by 
reduction of Doppler bandwidth from its normal value 
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Fig. 4—5-kc bandwidth envelope of NH; 7,7 spectral line. 


of about 70 kc for ammonia at 25,000 mc and room tem- 
perature. For observation of a 5-kc-bandwidth line, 
bandwidth contributions due to particle-particle ther- 
mal collisions, and particle-cell wall thermal collisions, 
must be of the order of 5 ke or less. To achieve this con- 
dition, the ammonia pressure was about 1.85 K 10-4 mm 
Hg; the required 10-cm minimum cell dimension was ob- 
tained by using a cube 10 cm on a side. The correspond- 
ing total number of ammonia molecules, N’, was 7.5X 
10. However, because of the Doppler bandwidth reduc- 
tion in the experiment as performed,! the “molecular 
effectiveness” was only about 6 per cent. That is, the 
intensity of the reduced bandwidth signal was as if only 
6 per cent of the actual total number of molecules were 
contributing to it. 

Because of the requirement for narrow spectral dis- 
tribution, and coherence in its pulsing, the K-band ex- 
citation source (Fig. 1) became rather complex. It con- 
sisted of a periodically frequency-swept 13.2-+mce crys- 
tal controlled oscillator, followed by many stages of fre- 
quency multiplication with an over-all multiplication 
factor of 1944. The output frequency was smaller by 30 
mc than 25,715+mce, the resonance frequency of the 
N*H; 7,7 line. One simplified form of several arrange- 
ments used is shown as a block diagram in Fig. 1. The 
gate-keying and [F-blanking pulser opens the gate in the 
30-mce oscillator output circuit, and simultaneously dis- 
ables the IF amplifier during intervals t=0 to t=to. 
Hence, continuously supplied K-band carrier and gated 
30-mc output are applied to the magic-T and associated 
diodes, which functions as a balanced modulator during 
this time. The upper sideband produced by the balanced 
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modulator served as cell excitation. In this arrangement, 
application of the gated 30-mc output to the center of 
the transformer winding avoids (by phase balancing) 
overloading and delayed blocking of the cascode low- 
noise coupling stage in the receiving channel. 

The same gate-keying and IF-blanking pulser closes 
the 30-mc gate, and actuates the IF amplifier during re- 
ceiving intervals t=t) to t=t,. Hence, the sideband in- 
tensity (excitation field Hp) becomes zero and spon- 


_taneous coherent emission from the cell and continu- 


tinuously applied K-band carrier output impinge on the 
diodes attached to the magic-7. During these intervals 
this unit operates as a superheterodyne mixer, supplying 
output to the input transformer preceding the cascode 
low-noise coupling stage. The push-pull to single-ended 
connection of the transformer in conjunction with the 
7/2 differential path length in the similar arms of the 
magic-7, insures complete uncoupling of the cascode- 
input circuit and gate-input circuit; hence none of the 
small intensity signal output is wasted in the gate-out- 
put circuit. Reference phase from the 30-mc modulating 
oscillator and 30-mc signal phase are compared in the 
phase sensitive detector, yielding output signals of the 
types shown in Figs. 3 and 4. To attain a favorable sig- 
nal-to-noise ratio with the small signal intensity avail- 
able, the signal bandwidth imposed by the integration 
circuit following the phase sensitive detector was made 
about 0.1 cycle. This required that the frequency sweep 
rate of the cell excitation unit be very slow; it was us- 
ually made about 1/40 cps. 

Because of the nature of the primary-excitation unit 
and of the components available when the experiment 
was performed, available peak drive in the 10~° second 
excitation periods was small. It was in the range from 
10-4 to 10 watts, and usually was nearer the latter. Neg- 
lecting field position dependency in the cell, by assum- 
ing the mean field to prevail throughout the cube, the 
corresponding Ep was about 2 X10~? volts/cm and pEp/ 
h-t) was only 8.6X10-*. From (4), the departure from 
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thermal equilibrium conditions and the energy storage 
in the molecular system by the small perturbing reso- 
nance excitation, were slight. Unavoidably, and due only 
to the inadequacy of the primary excitation intensity, 
the initial spontaneous coherent emission, Po, as given in 
(8) was small. For Ep =2 X10 volts/cm, Po was 4.4 
10-18 watts. Taking into account the “molecular effec- 
tiveness” in the reduced Doppler bandwidth signal,! even 
if the initial emission were completely monochromatic, 
and neglecting collisions, the time required for the self- 
induced emissive power to fall to half its initial value 
would be about 2.8 X10~? seconds. This is about 2800 
ties the 10~° second listening period, and therefore the 
change in P from Po was insignificant in the listening 
period for Ep as indicated. For a receiver noise figure of 
10 and the previously mentioned 0.1-cycle signal band- 
width due to the integration circuit following the phase 
sensitive detector, the room temperature signal-to-noise 
ratio was calculated to be about 1X10', at best. For a 
variety of reasons, including the space dependency of 
the field in the cell, and utilization of only some of the 
discrete Stark components, the actual signal-to-noise 
ratio was always less. Assuming a worsening of the ratio, 
due to these causes, of somewhat less than an order of 
magitude, the actual signal-to-noise values as observed 
in Figs. 3 and 4 appear quite reasonable. 

By using the received signal as a reference frequency, 
and assuming that the primary excitation source is 
servocontrolled to 1/1000 of the 5-ke spectral band- 
width (a fairly severe but reasonable assumption), by 
long time-averaging servoaction, the frequency stabil- 
ity of the excitation source is 2X 10719. 
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Corrections 


Karle S. Packard, author of “Planar Transmission 
Lines—Part III,” a correspondence which appeared on 
page 163 of the April, 1957 issue of these TRANSACTIONS, 
wishes to make the following correction to his paper. 

The quantity /z should be replaced by ./K, where 
K is the relative dielectric constant. 


Leonard Sweet, co-author with M. Sucher of the cor- 
respondence, “The Available Power of a Matched Gen- 


erator from the Measured Load Power in the Presence 
of Small Dissipation and Mismatch of the Connecting 
Network,” which appeared on pages 167-168 of the 
April, 1957 issue of these TRANSACTIONS, has brought the 
following correction to the attention of the editors. 

Eq. (6) on page 168 should be 


(1 Fi | Soe Je a | Sa2 or | Sai |? at | SipSo0 |? 
> 2 Re S972 8175908 
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Correspondence 


Determination of Equivalent 
Circuit Parameters* 


Ata given frequency, a lossless disconti- 
nuity on a transmission line may be repre- 
sented by an equivalent circuit consisting of 
an ideal transformer and two lengths of 
transmission line.! With reference to Fig. 1, 
let 


n=turns ratio of ideal transformer. 
6;, 02=electrical lengths of transmission 

lines. 

¢:=electrical distance of electric field 
null from reference plane 7}. 

¢2:=electrical distance of short circuit 
from reference plane 7». 

Z,=normalized characteristic imped- 
ance of output transmission line. 


Cc. 


Z\ SY, 
G2 
nN:1 h—- 4,—> 
(b) 


Fig. 1—A lossless discontinuity and equivalent 
circuit. 


The field minimum position ¢, is related 
to the short-circuit position ¢2 by a bilinear 
transformation of the form 


A + B tan ¢2 
C + D tan ¢2 


An analysis of the equivalent circuit of 
Fig. 1(b), shows that the field minimum posi- 
tion is given by 


tan (¢1 + 61) = — N* tan ($2 + 62) (2) 


where N?=7?2Z,. 

This expression can be cast into the form 
of (1). 

The analysis to follow will derive rela- 
tions between 6, 62, NV, and A, B, C, D. A 
plot of ¢1 vs ¢2 from (2) yields a curve of the 
form illustrated in Fig. 2. The curve is sym- 
metrical about a line of slope —1 and peri- 
odic with a period z. If N<1, the slope of 
the curve at Pi is —N*and at Pris —(1/N?). 
Also at Po, 


(1) 


tan ¢1 = 


+O = tne + 
and 


Tv 
LE ied a ar 


* Received by the PGMTT, June 26, 1957. 

1A. Weissflock, “Anwendung des transformer- 
satzes iiber verlustlose vierpolen auf die hinter ein- 
ander schaltung, von vierpolen,” Hochfreq. Tech. 
Elec. Akust., vol. 61, pp. 19-28; January, 1943. 
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Fig. 2—Typical curve of ¢: vs ¢2. 


where , s are suitable integers. If V>1, the 
slope at Pes is —N? and ¢di tO, =n, go +6: 
=sm at P». These results will be used later in 
the analysis. 

If (1) is differentiated and the derivative 
d¢,/d¢2 equated to —1, one gets 


(AD — BC)(1 + tan? ¢2) 
(C + D tan ¢2)? 


1+ tan? ¢ = (3) 


Eliminating ¢: by means of (1) gives 
(D? + B? — AD + BC) tan? ¢2 
+ (2CD + 2AB) tan ¢2 
+ (C?+ A?+ BC —AD)=0. (4) 


This equation may be solved for ¢2 and de- 
termines the points Q1, Q2, Q3 in Fig. 2. The 
solution is of the form 


tan ¢dze=at B. (5) 


Let gx and ¢22 be the two values of ¢2 ob- 
tained from (5). If these two values of ¢2 are 
averaged, either the point Ps: or P3 is deter- 
mined. One has 

tan do: + tan $22 
1 — tan $2 tan doe 
a 2a 

1-8 +6? 

When a and @ are determined from (4), one 
gets 


tan (g2 + $2) = 


(6) 


ie 
poe ou ; $22 
1 2(AB D 
tay egos BABHSCOD ah 
2 A? + C?— B2— p2 


As yet it is not known whether ¢»’ corre- 
sponds to the point P2 or P3. However, if one 
takes arbitrarily, 6:= —d¢s'+s7, then from 
(1) 

: A + Btan ¢2’ 


’=t = 
“1 se C+ Dtan ¢)’ 


(8) 


and 
A = — dy + nr. 


From the results presented earlier, it is noted 
that at the point where ¢:+6:=n7 and 
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o2+62=sm, the slope of the curve is always 
—N?. Thus, equating the derivative d¢i/d¢» 
to —N?at the point ¢y’, $2’ gives 


n*Z, = N? 
(AD — BC)(1 + tan? $y’) 
(C + D tan ¢2’)2(1 + tan? gy’) 


If the value of N from (9) is greater than 
unity, then ¢2’ corresponds to the point P2; 
if it is less than unity, ¢2’ corresponds to the 
point P; or P;. In either case, it is not neces- 
sary to know which point ¢2’ corresponds to 
in order to determine V. Having determined 
one equivalent circuit from (1) by means of 
(7)-(9), another one may be obtained by 
adding transmission lines of length + (7/2) 
to 6; and 62 and choosing a new turns ratio 
ni=1/nZ,. 

Other equivalent circuits also are readily 
found from a knowledge of the coefficients in 
the bilinear transformation given in (1). Two 
alternatives are illustrated in Fig. 3(a) and 
3(b) and their parmaeters are given by 


(9) 


x1 = — ca (10a) 
G 
X2 = os = = (10b) 
CID 
Pee). 
A (E 
for Fig. 3(a) and by 
Xu = — zs (11a) 
D 
CZ, 
Xx = D (11b) 
AX, BCL, 
Xy= + po De (11¢) 


Axes ee) 


G(X Xr) 


(b) 


Fig. 3—Alternative equivalent circuits. 


In the analysis of the equivalent circuit 
for slotted dielectric interfaces in free space,? 
as well as for dielectric steps in waveguides, ? 
one obtains a bilinear transformation of the 


2 Paper in preparation by author. 

3R. E. Collin and J. Brown, “Calculation of 
Equivalent Circuit of an_Axially Unsymmetrical 
Waveguide Junction,” IEE (London), Monograph 
No. 145R; August, 1955. 
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form given by (1). The above results are use- 

ful for determining the equivalent circuit 

parameters without the necessity of plotting 

the curve of ¢; vs ¢z and analyzing this curve 
by the standard procedures. 

R. E. Coiiin, 

Canad. Armament Res. and 

Dev. Establ. 

Valcartier, Quebec, Canada 


Effect of a Mismatched Ring in a 
Traveling-Wave Resonant Circuit* 


In traveling-wave resonant ring circuits 
wave amplitude “amplification” has been 
predicted and shown experimentally.1~ In 
the present note, the input reflection coeffi- 
cient (input vswr) and wave amplification 
are considered when the resonant ring circuit 
contains a mismatch. Qualitatively a small 
mismatch (low vswr) can produce under res- 
onant conditions a greatly “magnified” input 
vswr and reduces the maximum attainable 
amplification in the ring. 

In Fig. 1 are shown resonant circuits con- 
sisting of ideal lossless directional couplers 
and a voltage mismatch I in each of the loss- 
less waveguide rings. It should be noted that 
the designation of the output terminals of 
the directional couplers differ in the two cir- 
cuits relative to the input terminals. Using 
scattering matrix notation,® the fundamen- 
tal equations are: 


Coane TY 


C, i 


8 \ Tunes 


\ pPtanes iL 


DIRECTIONAL 
COUPLER 


(a) 


DIRECTIONAL 
COUPLER 


(b) 


Fig. 1—Resonant ring circuits. 


* Received by the PGMTT, May 31, 1957. 
1P, J. Sferrazza, “Traveling-wave resonator,” 
Tele-Tech., vol. 14, pp. 84-85, 142-143; 
1955. 
2K. Tomiyasu, “A new annular waveguide rotary 
Joint, ” Proc. IRE, vol. 44, pp. 548-553; April, 1956. 
2 §. B. Cohn and F. S. Coale, “Directional channel- 
separation filters,” Proc. IRE, vol. 44, pp. 1018-1024; 
August, 1956. 
4F.S. Coale, “A traveling-wave directional filter,” 
IRE Trans., vol. MTT-4, pp. 256-260; October, 
1956. 
3 BE. J. Tischer, “Resonance properties of ring cir- 
” TRE TRANS., vol. MTT-5, pp. 51-56; January, 


6 E,W. Matthews, Ae, 
trices in microwave'circuits, 
4, pp. 21-26; April, 1956. 
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“The use of scattering ma- 
” TRE Trans., vol. MTT- 
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by = a3S'¢ 
be = a3S7 


b3 = So + a2Sr 
Ae = dyre 1 Or+92) 4. HyDe i242 
a3 = b3Ve77291 + boremi Prt 42) (1) 
where 
ST = Sig = Su = Su = Se 
Se = Su = Sa = Sox = Soe 
[|r| =v1— [rl 


The input reflection coefficient,’ which 
exhibits a resonance phenomena when ¢ is 
varied, is given by: 


by S217 7291 
ay ie 1+ | Sr [2-229 —2 | 7S¢ | ei? 


where 


(2) 


o = 0) + 62 + ZSr + Zr 


Tv 
Sp A ee lee 


If 
| S|? 
|r| <> Rad 


a single-peak resonance occurs when ¢=27n 
radians, n=1, 2, 3, 4, etc. and 


S2r 
“| = ee Tae #83) 
al 1+ | Sri? — 2|rSp| 
If 
Sale 
|r| altel & then fs = 
2— |S. |? an 
when 
(1 + Sr|?) 
= + | nes 
¢ = + cos 2p . (4) 


The two values of ¢ in (4) indicate double- 
peak resonance behavior. 

Eq. (3) is plotted in Fig. 2 and shows that 
for small values of ||, there is a reflection 
coefficient “magnification” of 37.9 and 5.8 
for the 10- and 3-db couplers, respectively. 
For large values of |I'|, the input vswr can 
become infinite at ring resonance, 7.e., when 
(4) is satisfied. 

The wave amplification in the ring cir- 
cuit is given by the following equation and is 
equivalent to that given by Tischer:” 


bs 1 — |7Sr| ei? 
A+ |S [22-12 — 2| rSp let 


Eq. (5) exhibits a single-peak maximum 
when sin ¢=0 and a double-peak maxima 
when 


(S) 


1 


|rSr| + 


[Se] 


0.001 0.01 0.1 1.0 
|r| 


Fig. 2—Input reflection coefficient. 


couplers are 0.026 and 0.177 respectively. To 
a very rough approximation these values of 
|I'| are about one-half of |S,|2/(2—|.S.?|). 
Operating under single-peak resonance con- 
ditions, the wave amplification |b3/a;| as a 
function of |I'| is plotted in Fig. 3. 


ss 


10-db coupler 


\r| 


Fig. 3—Wave “amplification.” 


Another effect within the resonant ring 
due to the mismatch is on the ratio of incom- 
ing to outgoing waves at terminal 3 in Fig. 1. 
The analysis shows that with a 3-db coupler 
and when sin ¢=0, 


Qs) A aed 


Eben Res P| 
= 3,42 re for small values of |r| 3 


(7) 


Thus the vswr within the ring circuit is also 
“magnified.” For a 10-db coupler the corre- 
sponding quantity is 19.5|T|. 

Referring to the annular-waveguide ro- 
tary joint,? the input vswr had a maximum 
value of about 3 (diagonal-arm condition) 
when the coupler “A” was about half open 
or approximately at 3-db coupling. These 
data would imply, referring to Fig. 2 above, 
that the mismatch vswr in the ring would be 
about 1.2 and this value appears entirely 
plausible. 


It should be pointed out that for very small 
values of |I'|, only a single-peak resonance 
exists since cos ¢ of (6) exceeds unity. The 
maximum values of |T| which will yield 
single-peak resonance for 10-db and 3-db 


7 Tischer, op. cit., (22). 


(6) 


In summary, a traveling-wave resonator 
requires very careful matching in the ring 
circuit if the input vswr is to be low and if 
maximum wave amplification is desired. 

Kiyo Tomryasu 
GE Microwave Lab. 
Palo Alto, Calif. 
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Application of Rayleigh-Ritz 
Method to Dielectric Steps in 
Waveguides* 


Collin and Vaillancourt! write that in a 
previous paper of mine®: “the coupling of the 
LSE modes by the step when a LSM mode is 
incident is neglected.” 

This remark is true, only in reference to 
the approximate numerical results obtained 
in my paper, but does not apply to the varia- 


* Received by the PGMMT, June 21, 1957. 
1R. E. Collin and R. Vaillancourt, IRE TRANS., 
vol. MTT-S, pp. 177-184; July, 1957. 
2C. M. Angulo, “Discontinuities in a rectangular 
waveguide partially filled with dielectric, IRE 
Trans., vol. MTT-5, pp. 68-74; January, 1957. 
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It is actually very easy to show that Hy 
modes are excited at the discontinuity, sim- 
ply by matching all the fields at that plane. 
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FXR TYPE Z8I5B — SPECIFICATIONS 


OUTPUT : é oso MODULATION 


INTERNAL ADDITIONAL NOMINAL RISE FALL 
VOLTAGE CURRENT IMPEDENCE SPECIFICATIONS FREQUENCY RANGE VOLTAGE TIME 
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Beam 1800 1245002 01S 100 to 2500v. |) ero Voltage Dial Accuracy: = 1% J Savore Wave ee! 
250. W to 3600V | 0 to 10,000 cps | Resolution: 0.5 volts 
Regulation: 0.03% from 
Reflector Negative 1Osito7125 volts epee ee niente 
e i FM a 
0 to 1000 1/000,0008minse |e Pees amy tmsmax: pulse width 


Positive 0 to 30,000 Regulation: 0.03% from . = 

Control Grid 0 to 150 105 to 125 volts Sine. Wave line frequency 
Negative Ripple: 3 my rms, max. 
0 to 300 


Saw Tooth 
Wave 40 to 120 0 to 200 | Variable 


Filament 6.3 3 amperes Unregulated 


Width: 2134 OVERLOAD AC. Line: Fuse, 8 amperes, (both sides of line) 
DIMENSIONS Height: 1534 PROTECTION HY Line: Fuse, 4 amperes 105 to 125 volts, 50-60 cps, 300 to 800 watts 
(inches) Depth: 18 DC HV Line: Variable overload relay 25, 65, & 125 ma 
or as desired by user 


Data subject to change without notice. 
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